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iPREFACE
This th esis  d esc rib es  a s e r ie s  of experim ents c a rrie d  out using 
the 12 MeV tandem Van de G raaf a cc e le ra to r in the D epartm ent of N uclear 
P hysics a t the A ustra lian  National U niversity.
The w ork reported  in chapter 2 was c a rrie d  out under the 
supervision of Dr. H .J . Hay. The experim ental w ork was shared  equally 
between us and the analysis  of the data perform ed  largely  by me, using 
com puter p rog ram s w ritten  by D r. Hay.
The w ork described  in chap ters  3 and 4 was c a rrie d  out under
the supervision of D r. R .H . Spear. The experim ental work and the data analysis
fo r the w ork described  in chap ter 3 was shared  equally with Dr. Spear, Mr. (now
D r .) R .V . E llio tt and Mr. K.W . C a rte r . The double-focussing spec trom eter
system  was developed by Dr. Spear and Mr. R. V. E lliott. The com puter
p rogram s fo r  the analysis  of the gam m a-ray  angular co rre la tio n s  w ere w ritten
by me. The experim ental w ork of chap ter 4 was shared  by Dr. Spear, Dr. C .J.
P iluso , Mr. K.W . C a r te r  and m yself. A lm ost all the data analysis except fo r
29the analysis of the angular co rre la tio n s  fo r the 3 .19  MeV level of A1 was 
done by me.
All the w ork described  in chap ters 3 and 4 w as dependent on the 
gam m a-ray  lineshape fitting p rogram , which was w ritten  by Dr. T .R . Ophel, 
modified by M r. R. V. E llio tt, and fu rth e r debugged by Mr. K.W. C arte r , who 
also w rote the requ ired  on-line data acquisition p rog ram s fo r the I. B .M . 1800 
com puter.
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CHAPTER 1
NUCLEAR MODELS IN THE 2s -  Id  SHELL
The purpose of th is  chapter is  to give a b rie f account of those 
nuclear m odels which have had some success in explaining the p ro p e rtie s  of 
nuclei in the 2s -  Id shell. Em phasis w ill be placed on the physical ideas in­
volved in each m odel and m athem atical de tails  will be avoided except w here they 
a re  n ecessa ry  fo r physical understanding.
1-1 COLLECTIVE MODELS
1 -1 .1  Introduction
The observation of la rg e  e lec tric  quadrupoie m om ents in some 
nuclei belonging to the 2s -  Id  shell ind icates the p resence  in these nuclei of a 
non-spherical nuc lear charge d istribution . It was f i r s t  pointed out by Rain­
w ater (Ra50) that such a deform ation could be the re su lt of a po larising  effect 
of one or m ore  outer nucleons on the r e s t  of the nucleus. Such a deform ation 
im p lie s  collective m otion of the nucleons and allows the possib ility  of co llect­
ive ro tations of the nucleus. This leads one to hope that som e of the energy 
levels of these  nuclei can be understood in te rm s  of excitations a ris in g  from  
ro tations of the non -spherica l nuclear m a te ria l. It is  a lso  reasonab le  to con­
s id e r the possib ility  of co llective excitations of a v ibrational ch arac te r. It 
will be possib le to sep a ra te  th ese  collective m otions, which vary  the orientation 
o r shape of the n u c lea r po tential, from  the motions of the single nucleons in 
the nuclear potential if the frequencies ch arac te ris in g  the single nucleon motion 
a re  much g re a te r  than those ch arac te ris in g  the collective m otions. The nuclear 
Hamiltonian is  then given by
2
H = 2  E„ (a) + 1/2 B (a) ä  , 1 .1
i
w here the E ^ a) a re  the energ ies of the nucleon motion for fixed values of the 
collective p a ra m e te rs  a  specifying the shape and orientation of the nuclear
2 .
field and the (a) are the inertial parameters of the system.
Closed shell nuclei, at least in their ground states, are expected 
to be spherical. Since there are no extra-core nucleons exerting centrifugal 
pressures, any vibrations about the spherical shape are likely to involve large 
phonon energies. These may be comparable with the energies involved in single­
particle excitations, so that the level scheme will be a rather complicated mix­
ture of the two forms of excitation. As one moves further away from closed 
shells the magnitude of the deforming forces increases and the phonon energy 
decreases so that the level scheme at low energies may be approximately 
described in terms of vibrations of spherical equilibrium states.
As more extra-core nucleons are added, the spherical shape 
becomes unstable and the nucleus becomes permanently deformed, thus allow­
ing, as pointed out earlier, the possibility of rotational motion. The energies 
involved in rotational excitations are generally found to be less than those of 
vibrational excitations, as is predicted if the vibrations are treated as oscill­
ations of a charged irrotational fluid drop (as discussed later, in section 1-1.4) 
with inertial and surface tension parameters derived from the semi-empirical 
mass formula (see, for example, ref. Pr 62). Therefore rotational and vibra­
tional motions are not strongly coupled and the energy intervals between 
successive rotational excitations are small compared to the intervals between 
successive vibrational excitations. In addition the comparatively low frequencies 
of the rotations make it reasonable to assume that the shape of the nucleus will 
not change with increasing rotation.
Nuclei are classified as examples of strong or weak coupling 
according as the motion of the extra core nucleons is strongly or weakly coupled 
to the motion of the core; for an odd-A nucleus the core may, in this context, 
be the whole nucleus except the last unpaired nucleon. In the case of extra-core 
nucleons moving around a deformed core, the Hamiltonians of both the core and 
the extra-core nucleons clearly involve the deformation parameters of the core. 
Therefore the motions of the core and the extra-core nucleons are coupled.
3 .
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Fig. 1 .1  A schem atic rep resen ta tion  of a Z v ersus N chart of the nuclides show­
ing the neutron (vertical lines) and proton (horizontal lines) closed shell 
lines. The ir r e g u la r  boundary line encloses those nuclides having a half- 
life longer than one m inute. The groups of nuclides for which ro tational 
sp ec tra  have been observed a re  indicated by c ross-hatch ing  (from re f. Hy64).
Thus one expects weak coupling in the region of closed shells  and 
strong coupling away from  closed sh ells .
1-1. 2 Rotational excitations
This discussion will be re s tr ic te d , for the sake of b rev ity , to the 
case  of axially  sym m etric  deform ed nuclei. The assum ption of axial sym m etry 
seem s to be valid for the descrip tion  of m ost ro ta tional spec tra , although in the 
transition  reg ions between spherica l and deform ed nuclei asym m etric  deform ­
ations may have to be considered (Da58).
The coupling of the in tr in s ic , i. e. non-collective, angular m om ent­
um and the ro tational angular momentum of the core  is  shown in fig. 1. 2. Since
COUPLING SCHEME FOR STRONG PARTICLE 
SURFACE INTERACTION. (Bo 53)
4 .
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Fig. 1. 2 The angular momentum j of the p a rtic le  p ro cesses  around the nuclear 
sym m etry  axis with a constant p ro jection  fi . The to tal angular momentum 
T is  the sum of"J and the collective ro tational angular momentum R (from 
re f . Bo53).
in quantum m echanics ro tation  about a sym m etry  axis is  m eaningless because it 
cannot be detected, R is  a t rig h t angles to Z’, and K = fi , for the case of axially 
sym m etric  deform ations.
The Hamiltonian of the ro ta tional motion is
RoT (I - i ) ‘
5
f i  2 .2
___ d  + i  - 2 i
2 3
i) 1.2
and the unnorm alised eigenfunction is  of the form  (Mo57)
I T= D ( 0 ) y ( r f ) 1.3MK ' l ' *fi ' ’
The D functions a re  the eigenfunctions of a sym m etric  top and x is  the in trin sic  
wave function,T re fe rrin g  to all quantum num bers o ther than fi. The Euler angles 
0 locate the body-fixed axes with re sp ec t to the space-fixed  axes and r ’ a re  the co-
ordinates in the body-fixed system . In o rder that the ro tational wave function 
be invarian t under reflection  in the plane perpendicular to the sym m etry  ax is, 
the eigenfunction m ust actually be w ritten  in the form
5 .
I IMK > T  t v *XK D MK ( e .  > + ( -  i ) H M-K <V- 1.4
From  th is equation it follows th a t for K = 0 only even values of I a re  allowed.
It can be shown (Ke59) tha t operating on such a wave function 
2
with the te rm  I . j in the Hamiltonian m ixes in s ta tes  differing in K value 
23
by one. In physical te rm s , K is  not a com pletely good quantum num ber because
the collective ro ta tions affect the in trin sic  nuclear s tru c tu re  and K is  associated
h-2with a p roperty  of the in trin sic  s tru c tu re . The te rm  ___ I . j in the H am il-
23
tonian in fact corresponds to the potential energy due to the C oriolis coupling 
between I and _j_ . Since the second te rm  in eq. 1. 2 can be incorporated  into 
the non-ro tational p a r t of the Ham iltonian, the ro tational spectrum  is of form
,2
Ej = Eq + ____ I (I + 1) + coupling te rm . 1. 5
2 3
An evaluation of the coupling te rm  by second order perturbation  theory  gives 
an energy proportional to I (I + 1). Thus when the coupling te rm  is  sm all its  
effect is ju s t to change the effective value of the m om ent of inertia ,
It appears from  what was stated  above that the m atrix  elem ents 
of the coupling te rm  a re  zero  except betw een s ta tes  with A K = -  1 . However 
an exception to th is ru le  occurs for K = 1/2; the wave function of eq. 1 .4  
contains collective wave functions with both -  K , so that for a s ta te  with 
K = 1/2
< IMK I coupling te rm  | IMK > 4  0 1.6
and the coupling te rm  en ters  the expression  for the energy spectrum . The 
re su lt is  (Ke59)
1.7
6 .
E = E ■ f t *  r
o  + —  { I ( I + 1 )
2 9
+ 6 K ,l /2  ^
1+ 1/2
(1 + 1/ 2) } .
The p aram ete r a is  known as the decoupling fac to r since it gives a m easure  
of the decoupling of the in trin sic  spin from  the collective ro tation  (see re f. Na65, 
p. 649).
For a rig id  spheroid the m oment of in e rtia  is  p roportional to the 
m ass and the square  of the mean rad ius; th e re fo re  for a nucleus it is  a reaso n ­
able approxim ation to suppose
9 04 M R 2 A5/3 1.8o
T herefore  the separation  of successive  m em bers of ro tational bands in the 
2 s - ld  shell will be la rg e r by about a facto r of 20 than those in the r a r e  earth  
region, which has been found to contain nuclei which exhibit an a lm ost pure 
ro tational spectrum . Since the spacing of single p a rtic le  levels does not change 
greatly  between these two m ass reg ions, and since the amount of mixing between 
s ta tes  is  inversely  proportional to the energy difference between them , the 
amount of interband mixing will generally  be g rea te r in light nuclei. In 
addition the magnitude of the coupling te rm  itse lf is  la rg e r  for sm all m om ents 
of in e rtia
Bohr and M ottelson (Bo53) have pointed out that significant p e r­
turbations of the pure ro tational sp ec tra  will also a r is e  from  ro ta tion-v ibra tion
in te rac tions, which produce an energy depression  approxim ately proportional 
2 2to I (I + 1) . There is  som e quantitative evidence for such a co rrec tion  te rm
in the r a r e  earth  region (see Bo55, p. 487). This co rrection  te rm  to the energy 
is  always negative since the v ibrations effectively in c rease  the degree of deform ­
ation and hence in c rease  the m om ent of inertia .
1-1 .3  E lectrom agnetic p ro p e rtie s  of ro ta tional nuclei
A com prehensive trea tm en t of the electrom agnetic  p ro p e rtie s  of 
ro ta tional nuclei has been given by K erm an (Ke59). The off-diagonal elem ents
7 .
of the Coriolis coupling term are neglected; therefore the expressions given 
do not allow for inter-band mixing
The definition of the reduced E2 matrix element is
B(E2 : I -M» ) S I < I’M’ im ’ (E) I I M >
--------- ^MM’ 1 1 2^ v 1
(2 1 + 1)
1.9
whereTfl’ (E) is the electric quadrupole operator in the laboratory system.
Z  /Jj
The transition probability is given by
T(E2 : I - * I ’ ) = ________  C — )  B(E2 : 1 "> r  ) * 1,10
75 h c
Using the wave function of eq. 1. 4, the reduced matrix elements for intra-band
transitions can be evaluated. The diagonal element of the quadrupole operator
is proportional to the intrinsic quadrupole moment Q , whereo
Q = < 3 z2 - r2 > , 1.11o
z and r being co-ordinates in the body-fixed system. The resultant expression 
for B(E2) is
B(E2 : I K I’K ) = e2 Qq2 (I 2 I’ K | I K 2 0 )2 . 1.12
16 7r
The relation between Qq and the deformation depends on the nature of the de­
formation. If it is spheroidal, so that
R = Ro (1 + /3Y2 O (c o s 0 )  )
where Rq is the mean radius, then Qq is related to the deformation parameter 
ß by
Qq =_^__  ZRq2 ß ( 1 + 0.36 ß + ___).
Here Qq includes the contribution from the odd particle in the case of odd-A 
nuclei. The notation used by Kerman for Clebsch-Gorden coefficients is
8 .
(ab c y I a ö b ß )
compared to the other commonly used notations
CabC of Simon (Si54)a ß y  9
(aba ß I abcy ) of Condon and Shortley (Co63)
(aobjß I cy ) of Ferguson (Fe65).
From eq. 1.12 the reduced matrix elements for E2 decay from a member of a 
rotational band to two lower lying members are in the ratio
B(E2 : I I - 1) = (121 - IK I IK20)2 = 2 K2 (2 I - 1)
B(E2 : I —> 1-2)  (121 - 2K I IK20)2 (I + 1) (I - 1 + K) (I - 1 - K)
1.13
provided that is the same for the different members of the band. For inter­
band E2 transitions one can use a general expression due to Nilsson (Ni55). 
Provided L < K’ + K, as is usually the case,
B(L) = ( ILP K' I I K L K ' - K ) 2 I < Kf ITTl (L) |K > I? 1. 14
K ’  — K
Therefore for transitions of a given multipolarity between states of spin I in 
the band K and states of spin F in band K’, the reduced matrix element is pro­
portional to
( ILI ' K'  I I K L K » - K ) 2 . 1. 15
From eq. 1.15 and the properties of Clebsch-Gordon coefficients we obtain 
the so-called K-selection rule, which states that a transition is forbidden if 
L < I KT - K I . The forbiddenness will be modified by the amount of ad­
mixture of other K values.
The magnetic dipole operator is of the form
V = gR R + 2 ’ 1,16
where g j = g  S + g f  , j_ = !_ + _§ and s and are the spin and
u u  — S X
9 .
orb ita l angular momentum of the la s t nucleon. The quantities gg and g^  a re
the Lande g -fac to rs  for the odd nucleon and g is  the g factor for the core; a
R
reasonab le  estim ate , assum ing a uniform ly charged core, is
gR <* Z/A .
Thus g is considerably le ss  than unity, so that, from  eq. 1.16, the magnetic R
dipole moment is not g reatly  in creased  by the p resence  of deform ation, in con­
tr a s t  to the e lec tric  quadrupole moment. Thus one does not expect M l tra n s i­
tions to be enhanced in deform ed nuclei to the sam e extent as E2 tran sitio n s .
In o rder to evaluate the m atrix  elem ents of /j, , one w rites
gRI - s 1. 17
w here G 
and obtains (Ke59)
ß  =
<*! - * R > i  + (gs " gf ) *
SR 1 +
(I + 1 )
(gK gR *
w here K g = < K | g I + g S I K > K ' l z s z 1
and
B(M1 : IK —> V K )
(K 4  1 /2 ) 1. 18
1. 19
( I l I ’ K' | I K 1 K ' - K )  x
4 7T 2 Me
K (SK -  gR > 1 + 6 K , l / 2 f <U , > bo
1.20
E xpressions for f (I I’) and b a re  given by Kerman(Ke59).
o
The transition  probability is then given by
T (M 1) = 1071 C ^  B (Ml ) . 1.21
F rom  eqs. 1.12, 1.10, 1. 20 and 1. 21, we can obtain the expression for the
mixing ra tio  6 of a tran sitio n  between successive m em bers of a ro ta tional 
band :
10 .
a ' 2
I “ * I - 1
T(M1 : I I - 1 ) 
T(E2 : I ->  I -  1 )
20
^  a  + 1) ( i  - 1) ( gK -  gR >2
moo Q
1+ 6 k , i / S (- 1)I+1/^
1.22
In the sam e way we can obtain the branching ra tio
T(E2 + M l: I —> I -  1 ) _ 2 K2 (21 -  1 )
T(E2 : I ■—> 1 - 2 )
E- -  T _ , S
(I + 1)(I -  1 + K) (I -1  -K ) E
I —   -  1 ' x
---------------V
I —> 1 - 2
( 1 +  ö - 2  )
I —> I -  1 ’
1.23
1 -1 .4  V ibrational excitations
As d iscussed  in section 1 - 1 . 1 ,  it is  reasonable  to expect v ib ra ­
tional s ta tes  in nuclei in the region of closed shells. The main fea tu res  of 
nuclear v ibrational sp ec tra  can be p red ic ted  by consideration of the oscillations 
of a charged liquid drop. The phonons can be ch arac te rised  by the ir to ta l 
angular momentum A , p a rity  ( -  1)^ and component a of angular momentum 
along som e space-fixed ax is. In te rm s  of the sm all v ibrational am plitude o'
A a
Hvib = =  <1 / 2 v i  %  I2 + 1/ 2 CA I  %  I2 J- 24
w here B-^ is  the m om ent of in e rtia  of the nucleus with re sp ec t to changes in
deform ation and C is the deform ability  coefficient , and the energy quanta 
A
a re
1 / 2
11 .
F o r an in c o m p ress ib le  ir ro ta tio n a l liquid  drop the  m a ss  p a ra m e te r  is  
given by (A1 56)
 ^ ^  A ^ irro t.
1 3
A 4 7r
I .  26
w here  M is  the m a ss  of the d rop  and R^ th e  m ean ra d iu s . H owever the  
assum ption  of ir ro ta tio n a l flow is  a dubious one (see, fo r exam ple, r e f .  Ke59).
If su rfa c e  tension  only is  co n sidered , then fo r a  charged  liquid
drop
C = S R o2 (A -  1) (A + 2 ) -  2 6 X ~ 1 . 1 .27
2 7r Ro 2 A + 1
F ro m  eqs. 1. 25, 1, 26 and 1 .27 , it  can be seen  th a t the  phonon energy  in c re a s e s
w ith A . C ollective dipole o sc illa tio n s  co rresp o n d  to tra n s la tio n a l m otion of
the  w hole n u cleus, so th a t the low est v ib ra tio n a l s ta te s  a re  expected to  be quad-
ru p o le  ( A = 2) , giving, in an even-even  n u cleus, a one phonon s ta te  w ith 
7T +  7T "f* *4" *4°
J  = 2  and a tr ip le t  of s ta te s  w ith J  = 0 , 2  and 4 fro m  th e  coupling 
of two A = 2 phonons. The second excited  s ta te  is  th e re fo re  expected  a t about 
tw ice the energy  of the f i r s t ,  in  c o n tra s t to the  I (I + 1) energy  dependence which 
is  o b served  in ro ta tio n a l nucle i.
1 -1 ,5  E lec trom agnetic  p ro p e r tie s  of v ib ra tio n a l n ucle i
The n u c lea r v ib ra tio n s  p roduce  an o sc illa tin g  e le c tr ic  m om ent. 
Since the whole n u c lea r ch arg e  is  involved, e le c tr ic  tra n s itio n  r a te s  a r e  ex­
pected  to  be  enhanced above the sing le  p a r t ic le  e s tim a te . However s in ce  the 
nucleus spends a s  m uch of i ts  tim e  in  p ro la te  as  ob la te defo rm atio n s, the s ta tic  
quadrupole m om ent fo r v ib ra tio n a l s ta te s  is  expected  to be ze ro . T his p ro p e rty  
p ro v id es  a c r it ic a l  te s t  of any v ib ra tio n a l in te rp re ta tio n  of a  n u c le a r  lev e l 
schem e,
The e le c tr ic  quadrupole decay  of the second 2+ s ta te  to ground is  
inhibited; in s tead  the  second 2+ s ta te  decays to  the  f i r s t  2+ s ta te , s in ce  th is 
r e q u ire s  a one phonon change r a th e r  than two. The decay p ro ceed s  by E2
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rad ia tion  only, since M 1 tran sitio n s  between vibrational levels a re  forbidden. 
This is  due to the m agnetic dipole moment of a purely  v ibrational s ta te  being 
proportional to the spin (A156), so that m atrix  elem ents between different s ta tes 
a re  zero .
1-2 THE NILSSON MODEL 
1 -2 .1  Theory
In sections 1 -1 .2  and 1-1 .3  , the ro tational band s tru c tu re  in 
deform ed nuclei was discussed. Each band is  ch arac te rised  by the quantum 
num ber K which rep re sen ts  the pro jection  on the axis of sym m etry  of the con tri­
bution of the in trin sic  s tru c tu re  to the to tal angular momentum. In o rder to 
determ ine what K values a re  to be expected in a given nucleus, or to calculate 
any other quantity which depends on the in trin sic  s tru c tu re , it  is  n ecessa ry  to 
investigate the motion of nucleons in a potential of s im ila r shape to that of the 
nuclear core , i. e. an axially sym m etric  spheroidal potential.
Ignoring for the m om ent such things as spin orb it effects, the 
potential energy can be w ritten in the form  (Bo60)
V = V (r) + V0(r) Y ( 0 ) .  1.28ow  2W 20
The f i r s t  te rm  corresponds to the cen tra l field which in the usual spherical 
shell model is  something between a harm onic o sc illa to r potential and a square 
w ell. The second te rm  corresponds to a quadrupole deform ation of the nuclear 
field. As an aid to qualitative under standing it is  assum ed that th is second 
te rm  can be trea ted  as a pertu rbation .
Using eq. 1 .4 , the expectation value of the second te rm  is  given
by (Bo60)
E
h K
3 K 2 -  j (j + 1) 
4 j ( j + 1 )  "
1.29
w here j is  the p a rtic le  angular mom entum .
From  eqs. 1. 28 and 1. 29 it  follows that if V is  positive there  is
&
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oblate distortion and states with larger K are lower in energy. For V negative
there is prolate distortion and states with smaller K are lower in energy. The
sign of V will depend on the orbits of the deformation-producing extra-core z
particles.
The above result can be obtained by a simple physical argument.
A polar orbit round a prolate core is of greater length than an equatorial orbit. 
Since the number of nodes in the orbit is constant for a given quantum state, a 
polar orbit therefore corresponds to greater nucleon wavelength, i. e. lower 
energy. Clearly K is less for a polar orbit than an equatorial one. A similar 
argument can be applied to the oblate case.
The original collective model of Rainwater (Ra 50) predicted that 
deformations would be prolate at the beginning of the shell and oblate at the 
end. However it has since been found that such predictions depend on the radial 
dependence of the potential. In the 2s-Id shell it has in fact been found that 
Rainwater’s prediction is correct, the change in deformation (and hence in the 
sign of the ground-state quadrupole moment) occurring in the region of A = 28 
(Go 60).
The single-particle Hamiltonian used by Nilsson (Ni55) was
H 2co
9 9 9  -1
(x + y ) + w3 z + C f . s + D I . f 1.30
in which co c (1 + l/3e  )
"o(€)
CJ (1 -  2/3 e ) o
co°  (1 + 1/9 e 2 + O ( ) )o
The quantity "h gives the harmonic oscillator strength and volume conser­
vation is imposed. The deformation parameter e is related to the parameter 
ß introduced earlier and to the other Nilsson parameter 6 by
e 6 + 1/6 2 36 + 0 ( 6 ) = 0. 95 ß .
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Fig. 1.3 Energy levels predicted by the Nilsson model as a function of deform­
ation parameter 6 .
Nilsson also introduces for mathematical convenience the parameters
K = -  1 / 2
where coo ( « )
»  V ~  
(1 - 4 /3
2 D 
_
8
» n = _ _
K
- 16/27 6 3
oo (8 ) 
o '  ' 1. 32
Nilsson solved numerically the wave equation for the Hamil­
tonian of eq. (1.30) and obtained the eigenfunctions and corresponding energy
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eigenvalues as a function of 6 (see fig. 1.3). The parameters C and D were
adjusted to reproduce the spherical shell model ordering of states for 6 = 0 .
The energy is plotted in the diagram in the A- and 6 -dependent energy unit
o -1/31iu>o (6) . A reasonable estimate (Ni55) isftu;^ = 41 A MeV, The 
parameter p determines the sequence of levels within the group of states belong­
ing to a particular N, where N is the oscillator quantum number. The total 
spread of levels belonging to the same N-shell is determined primarily by the 
spin orbit parameter k .
In his calculations Nilsson expands the intrinsic states in terms 
of eigenstates | N £ A S > in the form
2 aiA I N i A S >
a a
1.33
and tabulates the coefficients a£ A The quantum numbers N, £ , A, 2  corres-o 2 opond to the operators H , £ , £ ^ and Sz respectively; Hq is the spherically
symmetric part of the Hamiltonian given in eq, 1.30.
Once the single particle wave functions x  ^ are known the para­
meters a, g and b introduced in sections 1-1.2 and 1-1.3 can be calculated, K o
The necessary formulae expressing a, g_ and b in terms of the a coeffi-K o £ a
cients are given by Kerman (Ke59) in his equations 116,117 and 118.
1-2. 2 Application to nuclei in the 2s-Id shell
The degree of success of the Nilsson model in describing the
properties of nuclei in the 2s-Id shell has been thoroughly discussed by a
number of authors (see e. g, refs. Go60, Bi60, Bh62). The model seems to
have some validity for most of the nuclei from A = 19 to A = 31, but to be
particularly applicable for nuclei between A = 20 and A = 25 (Li58, Go60, Ho65),
25 25The interpretation of the level schemes of Mg and A1 is eased considerably
by the fact that the two lowest energy Nilsson orbits have K = 5/2 and K - 1/2,
so that the effects of Coriolis coupling are reduced for the low lying levels;
24 20in addition, the neighbouring even-even nucleus “ Mg has, like Ne, a par­
ticularly pronounced rotational level scheme, implying strong deformation
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in this part of the shell.
1-3 THE WEAK COUPLING MODEL
As discussed in section 1-1.1, it is expected that in the r egion 
of closed shells nuclei will, at least at low excitation, be spherical and the 
coupling between the core and the extra-core nucleons will be weak. The Hamil­
tonian of the system can be written
H = H + H  + H. , 1.34c p mt
where H is the Hamiltonian of the collective (presumably vibrational) motion c
of the core, H^ is the spherical-shell model Hamiltonian of the odd nucleon
and H. x is the interaction between core and odd nucleon. In calculations H. , mt mt
is assumed small enough to be treated by first order perturbation theory.
In this weak coupling model the states of an odd-A nucleus can 
be constructed as follows. The neighbouring even-even nucleus has a ground 
state with J = 0 , followed by various excited states, at least some of which are 
usually interpreted as being collective in nature. When a nucleon is added to 
(or subtracted from) this nucleus, the ground state of the resulting odd-A 
nucleus will have the odd nucleon (or hole) in the lowest allowed orbit of the 
average potential of the core. If the next single-particle state is appreciably 
higher in energy than the lowest excitation of the even-even core, then the 
lower excited states of the odd-A nucleus may correspond to the odd nucleon 
(or hole) remaining in its lowest orbit, and the core being excited to its first 
excited state.
In the limit of very weak coupling, the wave functions of the
states of the odd-A nucleus will be products of the odd-nucleon and core wave-
functions. The coupling of the odd particle with angular momentum j and of the
core with spin J will give levels with spins ranging from | J — j | to J + j.c o c
Lawson (La57) has investigated the case of a core-particle interaction of the 
general form
H. . = -  2  f (T . T ) 1.35mt r  c Pr
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(i1) (r)in which the tensor operators of degree r, T and T , operate on thec p
degrees of freedom of core and particle respectively. He showed that
= s  Er (2I- + l)
r  (2 I0 + 1) (2 I + 1)
where I is the ground state spin of the odd-A nucleus,
I’ are the spins of the excited states of the odd-A nucleus,
I is the spin of the excited state of the even-even nucleus
1.36
Ejf are the energies of the excited states of the odd-A nucleus
Ej is the energy of the excited state of the even-even nucleus.
It has been pointed out by de-Shalit (Sh61) that the above equation cannot be
expected to hold very precisely: in many cases there will be a member of the
multiplet with the same spin as the ground state of the odd-A nucleus, and
mixing will occur between these two states, so that the energy spacing between
them will be affected. De-Shalit also points out certain approximations in the
derivation of the above formula.
As would be expected in view of the physical nature of the
members of the multiplet , the reduced E2 transition rates from members of
the multiplet to the ground state should, according to the model, each be equal
+ +to the reduced E2 transition rate from the 2 to the 0 ground state of the 
even-even nucleus.
It is shown by de-Shalit (Sh60), from angular momentum coupling 
considerations only, that if there are no admixtures of other states present, 
then M 1 radiation from the members of the multiplet to the ground state is for­
bidden. In practice admixtures are always present, but it is reasonable to 
expect such Ml transitions to be inhibited.
The systematics of deformations in the 2s-ld shell (Go60) suggest 
that the region around A = 28 might be appropriate for the application of the
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weak-coupling model. This model has been applied (Th60, Th62, Th66, Ev67)
27 31with lim ited  success to A1 and P ,
1-4 THE SHELL MODEL
1 -4 ,1  The extrem e s in g le -p artic le  shell model
In th is model i t  is  in itia lly  assum ed that the effect of the in te r­
actions of any nucleon in the nucleus with the other nucleons can be approxi­
m ated to an average cen tra l potential. The energy s ta tes  of the nucleus a re  
form ed by filling the quantum sta tes  in the potential well in a m anner consistent 
with the Pauli P rincip le . The individual like nucleons a re  paired  off to give 
zero  spin, so that many of the p ro p e rtie s  of an odd-A nucleus a re  determ ined 
by the sta te  of the unpaired  nucleon.
The pred ic tions of the model a re  not g rea tly  affected by the 
rad ia l dependence of the potential, and form s a re  chosen which a re  am enable 
to calculation, for exam ple the square  w ell, harm onic o scilla to r or Gaussian 
potentials. It is  found n ecessa ry  to include in addition to the cen tral potential 
a la rg e  sp in -o rb it in teraction  te rm  f . s of sign such that the s ta te  with 
j = f + 1/2 is  of lower energy than the  s ta te  with j = St -  1 /2 . This gives r is e  
to the fam ilia r c lassification  of s in g le -p artic le  s ta tes  in the form  n f. , w here 
(n-1) is  the num ber of nodes in the rad ia l wavefunction, S. the orb ital angular 
momentum and j the to ta l angular momentum. If a harm onic oscilla to r potential 
is  used, the osc illa to r quantum num ber N is  re la ted  to n by
N = 2 (n -  1) + t  . 1.37
C learly  th is  model p red ic ts  the sam e energy for a ll the s ta tes  which can be 
form ed by a group of p a rtic le s  all with the sam e n, i  and j. This degeneracy 
is rem oved by considering the in te ractions between the p a rtic le s , as is done 
in the next section.
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1 -4 .2  The shell model with res id u a l in teractions
When the ex trem e single p a rtic le  model d iscussed  above is  applied 
to the prediction of nuclear excited s ta tes , it becom es c lea r that, as expected, 
the model is  inadequate. The in teractions experienced by the nucleons cannot 
be rep laced  com pletely by an effective cen tral potential plus a sp in -o rb it te rm , 
Those p a rts  of the in teraction which cannot be rep laced  by such a potential a re  
called the residual in teractions.
Instead of introducing the residual in teractions into the calcu la­
tion explicitly, the total Hamiltonian is  usually w ritten
H = K + S V (r..) + a 2  s. . i.
ij 13 i 1 1
i, j < N , 1.38
w here K is  the kinetic energy operato r and V (r_ ) is  an effective two-body 
interaction which, in its  sim plest form , is
V ( r i j  >
W + M P X + H P X P.0” + B P .!7]  J ( r . .  ).
y iJ iJ 13 J iJ 1.39
XH ere P is  the operator which exchanges the positions of two nucleons in a two- 
nucleon wave function and P*7 exchanges the spins of the two p a rtic le s . Some 
recen t calculations also  include two-body spin o rb it fo rces and tenso r fo rces. 
The nucleon-nucleon sca tte ring  data suggest that in eq. 1,39
B W = M 0. 5 ,
but the use of these values has given indifferent re su lts  in shell-m odel calcu­
lations. Sets of values which a re  frequently  used a re  given by Rosenfeld (Ro48) 
and Kurath (Ku56). In eq. 1.38 N is  the num ber of nucleons between which the
effective in teractions V (r.. ) a re  being considered; fo r example, som e calcu-
1J 16 
lations have b een  perform ed for som e 2 s - I d  shell nuclei in which O is  reg a rd -
16ed as an in e rt core  and N is the num ber of nucleons outside th is O core .
The effective in teraction  V (r_) , of the form  given in eq. 1.39, 
acting alone couples together the o rb ita l angular m om enta I of the active
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nucleons to a to tal orb ital angular momentum L and couples together th e ir  
spins s^ to a to ta l spin S, so tha t an L-S coupling schem e re su lts . However 
the spin o rb it in teraction  acting alone would produce a j - j  coupling schem e. 
T herefore  a calculation with both types of in teraction  included will re su lt in 
nuclear wave-functions which a re  in term ediate  between L-S and j- j  coupling.
In o rder to ca lcu la te  the energy s ta tes  of such a system  one proceeds a s  follows.
Denote by ^  a s ta te  of the system  of given angular momentum 
J , p a rity  ir , and isospin  T (which is  assum ed to be a good quantum num ber, 
coulomb fo rces being neglected). Let the corresponding energ ies be .
H #  = E *  . 1.40n n n
Suppose that H is  known. The nuclear wave function for each ( J , it , T) com­
bination can be w ritten
& = Z  c . cb . 1.41n i m T i
w here the cp.forma com plete se t of orthonorm al basic  s ta tes .
Substituting in eq. 1.40 for , using eq. 1.41, and m ultiplying 
both sides by < j > . *  and in tegrating , one obtains
Z c . H.. = c . E w here H.. = < d>. I H I d>. > ,
i m  l] nj n ij J 1 1
i. e. S  c 0 . 1.42
The eq. 1 .42 has a non -triv ia l solution for the c .fs only if the determ inant 
of the m a trix  (H_ -  E^ 6 ) is  zero . T herefore  the m atrix  is  diagonalised and
the energy eigenvalues E^ fo r a ll the s ta tes  with angular momentum J , parity  ir 
and isospin  T a re  determ ined. The values of E^ a re  then in serted  in eq. 1.42 
and the c ^ ’s obtained for each n, using the fact that
2 =  1  .
This is  done for each com bination of (J, tt , T ).
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With an infinite se t of ( jj . 's a n  exact expansion for V would be 
obtained; in p rac tice  the num ber of cj^’s which can be taken into account is 
lim ited  by the size  of the subsequent calculations. For a nucleus containing A 
nucleons, the cj^’s a re  an tisym m etrised  products of A s in g le -p artic le  wave 
functions which may be, for exam ple, harm onic oscilla to r wave functions. For 
w ork in the 2 s - ld  shell, a j- j  coupling rep resen ta tion  has generally  been used 
for the <f> . ’s . The approxim ation which is  made in o rder to r e s t r ic t  the num ber 
of <j> ’s is  that only the lowest configurations of the nucleons need to be con­
s id e red  in o rd e r to get a reasonab le  approxim ation to #  ; for exam ple, calcu-
16 28 16 ^la tions for nuclei between O and Si usually  tre a t  O as an in e rt core  and
ft i n2
consider only s ta tes  <j>. belonging to the configuration (1 dp.^2) ^ Si/2^ ’
i. e. they have n^ nucleons in ld,_^2 o rb its  and n^ nucleons in orb its .
Configurations in which nucleons occupy l d ^ 2 orb its  a re  neglected. The ^  
for each (J, T) is  therefo re  an expansion in te rm s  of a ll the s ta tes  c|> , belong­
ing to these  low er configurations, which can couple to give (J, T). The cj^’s 
a re  w ritten  in the j- j coupling rep resen ta tio n
^i ~ ^ l d 5 / 2 ^  J l T l ^ 2 S l / 2 ^  J 2 T2  ^ J T  *
The 1 d ; .^  nucleons couple to angular momentum and isospin  T^ , the 
2 S jy 2 nucleons to (J2 T2 ). These then couple to to tal angular momentum J  
and isosp in  T. In o rder to define the s ta te  4> com pletely in a ll c ases , an 
additional quantum num ber, the sen io rity  S, is  requ ired ; for m ore com plicat­
ed configurations this is  n ecessa ry  to specify com pletely the coupling of the 
angular m om enta.
The expression given for H (eq, 1.38) involves a num ber of 
p a ra m e te rs  which a re  only approxim ately known. T herefore  a tentative se t of 
values for th ese  p a ram ete rs  is  chosen and the m atrix  elem ents H calculated. 
As described  above, the energy eigenvalues a re  obtained for each (J, T)„
The energ ies a re  then com pared, using a sum of squares of re s id u a ls  c rite rio n , 
with the energ ies of levels whose (J, T) have been experim entally  determ ined.
22 .
The p a ram e te rs  of H a re  adjusted, usually  by a com puter optim isation program ,
to obtain a b est fit to the experim ental level energ ies. The coefficients c a re
ni
then obtained as before.
C learly  th is type of calculation is only meaningful if the num ber 
of level energ ies being fitted considerably  exceeds the num ber of variab le  p a ra ­
m e te rs . It should also  be pointed out that som e authors have used m ethods of 
obtaining the b est fit which differ somewhat from  that outlined above (see, for 
exam ple, r e f .  G l64a).
In th is way the wavefunctions and energ ies of the s ta te s  for
each (J, T) combination can be obtained. To calculate  the m atrix  elem ent of
any operator Q (for example an electrom agnetic  moment) between two nuclear
s ta tes  ^  and \I> , the m atrix  elem ent is  w rittenn m
< 2
ij
Q I <}>. > .
1 1
1.46
The evaluation of the m atrix  elem ents between the s ta tes  <j> is  com paratively
easy, since the s ta tes  <|> a re  of s im p le r a lgebraic  form .
A rim a et al. (Ar 68) have perform ed a shell model calculation
16for som e O, F and Ne isotopes assum ing an in e rt O core and neglecting
I d  . configurations. They fitted  the positions of 36 levels using an in teraction
6 / 2  20 
ch arac te rised  by 16 m atrix  elem ents. The ro tational band s tru c tu re  of Ne
is  fitted p a rticu la rly  well. The m agnetic dipole m om ents a re  not pred icted  
accurately ; the authors point out tha t they a re  sensitive  to adm ixtures of con­
figurations containing j = i - 1/2 nucleons in the nuclear wave function which 
consists  predom inantly of configurations containing j = 1 + 1/2 nucleons. 
T herefore  in th is case a good fit to the m agnetic dipole m om ents could only 
have been obtained if 1 d^^  configurations had been included,
It is  c lear that the method of in term ediate  coupling calculation 
described  above will become increasing ly  difficult as the num ber of nucleons 
outside the in e rt core  is in creased , since a  la rg e r num ber of base s ta tes  < J>
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can contribute to  the in term ed ia te  coupling wave functions, and so it becom es
n ecessa ry  to handle la rg e r  and la rg e r m a trices . A technique which has been
re so rte d  to in such cases is  that orig inally  applied by Inglis (In53 ) to the lp
shell. He calculated  the level schem es in the two ex trem es of L-S and j- j
coupling, perform ed  f ir s t-o rd e r  pertu rbation  theory  calculations for sm all
dep artu res  from  the two ex trem es, and obtained by interpolation the level
schem es for a rb itra ry  degrees of in term ediate  coupling. Such calculations
have recen tly  been perform ed  by Bouten et al. (Bo67) for the whole 2 s - ld  shell, 
16assum ing an in e r t O core . With a degree of in term ediate  coupling which 
in c reases  fa irly  smoothly with increasing  A, substantial agreem ent is  obtained 
for the level schem es at low excitation. As has been observed in previous 
in term edia te  coupling calculations, in the L-S lim it the level schem es have a 
ro ta tional ch arac te r in L, which changes into a ro ta tional ch arac te r in J  as  the 
degree of in term ed ia te  coupling in c rease s , then finally goes over into the pure 
j- j  coupling schem e. In the appropria te  reg ions the K -values of the ro tational 
bands a re  the sam e as those p red icted  by the N ilsson single p a rtic le  model.
However, while reasonab le  agreem ent may be obtained with 
excitation energ ies using th is  in terpolation p rocedure, the wave functions a re  
not calculated and so no other p ro p e rtie s , such as electrom agnetic tran s itio n  
ra te s , can be obtained.
In a ll the calculations which have been perform ed to date using 
spherica l shell model s ta te s  as  base  s ta te s , the pred icted  quadrupole m om ents 
and E2 tran sitio n  ra te s  a re  le s s  than the experim ental values. This defect of 
the model is  som etim es com pensated for by using effective nucjeon charges. 
Indeed A rim a et al (Ar68) find tha t the effective nucleon charges which give a 
good fit to the s ta tic  quadrupole m om ents a lso  give a good fit to the E2 t ra n s i­
tion ra te s . However this is  not a  very  satisfac to ry  p rocedure.
It has been pointed out by Kurath (Ku60) that many configurations 
m ust be included in o rder to reproduce the observed E2 m om ents. While ad­
m ix tures of s ta tes  having an o sc illa to r quantum num ber N differing by two
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from  the predom inant configurations a re  not im portant for m ost p ro p e rtie s , 
they do have a la rg e  effect on E2 m om ents because they a re  mixed in by the 
quadrupole opera to r. Unfortunately the size  of calculation requ ired  to include 
such configurations is  very  la rg e . As yet strongly enhanced E2 m om ents have 
only been reproduced by using N ilsson single p a rtic le  wave functions ra th e r  
than those of the spherica l shell model. The reason  for th is  p rocedure  being 
effective is  as follows.
It has been shown by Kurath and Piem an (Ku59a)that the nuclear 
wavefunctions resu lting  from  a spherical shell model calculation with residual 
in teractions can be reproduced very c losely  by many p a rtic le  wavefunctions 
constructed  (using the SU group theory  methods introduced by E lliott and
O
Flow ers (E155)) from  N ilsson single p a rtic le  s ta tes  without res id u a l in teractions. 
In o ther w ords, the effect of residual in teractions can be taken ca re  of by using 
deform ed s in g le -p artic le  s ta te s . This c learly  m akes for a reduction in calcu­
lation. When th is  method has been adopted and the mixing in of AN = 2 s ta tes  
included, good agreem ent has been obtained with the observed E2 tran sitio n  
ra te s .
1-5 CONCLUSION
The many -partic le  m odels d iscussed  in the previous section 
a re  now developing to the point w here, for nuclei in the 2 s - ld  shell, they 
yield re su lts  which a re  in sem i-quan titative  agreem ent with the p re sen t experi­
m ental data on energ ies of low -lying excited s ta tes , and with som e of the data 
on electrom agnetic  p ro p e rtie s . The conceptually a ttrac tiv e  collective and 
s in g le -p artic le  m odels involve sim plifying assum ptions which severe ly  lim it the 
degree to which agreem ent with the experim ental data can be expected. N ever­
th e less  com parisons with the p red ictions of these  m odels a re  useful as an 
indication of the general ch a rac te r  of a  level schem e, for example w hether it 
is  typical of a spherica l or deform ed nucleus. Such com parisons a lso  fac ilita te  
an appreciation of underlying tren d s through the shell.
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CHAPTER 2
23 23STUDY OF Na AND “"Mg
2-1 INTRODUCTION
During the past few years there has been an increasing amount 
of effort expended in the investigation of higher levels of nuclei. This has 
three principal causes :
(i.) Improvements in equipment and techniques have facilitated such investi­
gations, which often require better resolution and better particle dis­
crimination than investigations of low-lying levels.
(ii) Work done on low-lying levels has shown that a satisfactory understand­
ing of nuclear structure requires knowledge of the properties of higher 
levels.
(iii) The techniques required for the further investigation of the properties of 
low-lying levels, e. g. the determination of static quadrupole moments, 
are often more difficult than those required at present for useful investi­
gations of higher levels.
The primary purpose of the present work on the higher levels of 
23 23the mirror nuclei Na and Mg was to
(a) extend the mirror nucleus comparison to higher excitations
(b) to provide a basis for future more detailed investigations of the higher 
levels.
It was also hoped that some conclusions could be drawn from the data regarding 
the applicability of the Nilsson model discussed in chapter 1, which has had
some success (G164, Ho65) in explaining both the static and dynamic properties
21 21 23of Na, Ne and Na.
23The excited states of Na have previously been investigated with
23 23high resolution up to the 4. 778 MeV level using the Na (p, pf ) Na reaction 
(Bu57), and many levels have been found above 9. 2 MeV excitation from
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Fig. 2. 2 The energy levels of Mg as known prior to the present work (from 
ref. En62).
22 18resonances in Ne + p and F + a  reactions (En67). Some lower resolution 
studies (Gr61, Sw64, Bo50) have revealed a few states in ttue intermediate region. 
The levels of ' Mg have been investigated using the Mg( He, a) Mg reaction
by Hinds and Middleton (Hi59), who found ten levels below 4.4 MeV with excitation
23 23 23energies close to those in Na. The energy levels of Na and * Mg, as known
prior to the present work, are shown in figs. 2.1 and 2. 2.
23Lancman et al. (La65) claim to have found additional levels in Na
at 2. 405 and 2. 87 MeV excitation, from a study of the gamma rays following the 
23
ß decay of Ne. They also state that there is evidence for a 2. 87 MeV level 
in the unpublished work of Penning and Schmidt. The existence of two additional 
levels at such low excitation would clearly demand considerable modification of
27 .
previous theo re tical in te rp re ta tions of the “ Na level schem e. I t was therefore  
considered that the question of the existence of these two levels should be in­
vestigated,
2-2 THE A .N .U , BUECHNER MAGNETIC SPECTROGRAPH
The work described  in this chapter was perform ed using the 
A. N, U. Buechner m agnetic spectrogr aph, which is  very  s im ila r in design to 
the orig inal instrum ent constructed  by Browne and Buechner (Br56), the p rin ­
ciple difference being that the rad ius of the pole p ieces is  65 cm  com pared to 
50 cm, thus increasing  the range of p a rtic le  energ ies which can be sim ultan­
eously observed, A full descrip tion  of the A. N. U. spectrograph and its  
ancilla ry  equipment has been given by S carr (Sc66) and so only a fa ir ly  b rie f 
account w ill be given here .
2 -2 .1  M agnet design
The Buechner spectrograph is  a uniform -field , b road -range , 
single-focussing instrument^ while the solid angle of acceptance is  sm all, 
the c irc u la r  field boundary gives sim ultaneous focussing for a wide range of 
p a rtic le  energ ies provided the p a rtic le s  en ter and leave the field norm ally .
A schem atic drawing is  shown in fig. 2 .3 , It has been shown (Ba.52) tha t with 
th is  geom etry the fringing fields give minim um  defocussing in the z-d irec tion , 
i. e. a t r ig h t angles to the plane of the paper in fig, 2 .3 . The object to image 
d istance is  a minimum (implying m axim um  solid angle of acceptance) when 
the object is  a t distance R from  the boundary, w here R is  the rad iu s  of the 
pole p ieces.
It is  easily  shown (Br56), using B arb e r’s ru le  for sec to r focuss­
ing, that to f ir s t  o rd er (i. e. assum ing that in fig. 2 .3  sin a  = a  and cos a -  1) 
the equation of the focal plane is  a branch  of a hyperbola with equation
2 2
(x -  4R /3)2 + J L  = 4 R . 2 .1
3 9
Focal Surface
Fig. 2.3 A schematic drawing of the Buechner Spectrograph 
(from ref. Br56).
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The focus of the hyperbola is  a t C, which is  the cen tre  of the c irc le , of rad iu s 
R, which re p re se n ts  in fig. 2 .3  the boundary of the uniform  m agnetic field 
and x, y a re  horizontal and vertica l right-handed cartes ian  coordinates r e s ­
pectively, with origin at C. The focal plane is  outside the field and a t a finite 
d istance for a range of rad ii of cu rvatu re  r  of p a rtic le  tra jec to ry  given by
R yFT  > r  > R / y T  . 2 .2
dS
At the focal plane the d isp ersio n  —  , w here S is  d istance m easured  along the
dE
focal plane, is  given by
d E  2 2 2 ,  2 4 2 2 4  1/2_ _ _ _ _  = (3R -  r  ) /  2 r R (9R + 10 r  R + r  ) '  .
E d S
2.3
The m agnification dh’
height dh, is  given by
w here dhf is  the height of the im age of an object of
dh’ d S
dh d E
2 2 4 2 2  4 3 / 2 , 2  2 2(R + r  ) (9R + 10 r  R + r  ) /(3R  -  r  ) .
2 .4
Thus both d ispersion  and m agnification in c rease  rap id ly  as r  
approaches R JIT, i. e. p a rtic le  groups becom e sp read  over many cen tim etres  
of the focal plane, p ro g ressiv e ly  reducing the amount of data collected per 
unit length of detec to r. This consideration p laces a p rac tica l lim it on the 
length of focal su rface. The A. N. U. instrum ent has a focal plane with a u se ­
ful length of 107 cm, m aking possib le  sim ultaneous record ing  of p a rtic le s  
whose energ ies differ by a facto r of 2 .6 .
By including the higher o rd er te rm s  in the s e r ie s  expansions 
fo r sin a and cos oi, it is  found that p a rtic le s  of a given energy do not focus 
at a point; the im age is  of m inim um  size  a t a position very  close to the 
position of the f ir s t-o rd e r  focus. F or 90° deflection the second o rd e r focus 
is  also  a t F (see fig. 2 .3 ). It can be shown (Zi55) that the aberra tion  is 
approxim ately proportional to oi* , except a t the 90° deflection position w here
29.
it is proportional to a .
In practice, the resolution is usually limited by the target thick“ 
ness, the size of the beam spot on the target, and, on long runs, the energy 
stability of the beam, rather than by the aberrations. Therefore the spectro­
graph is usually operated with the acceptance slits set to give the maximum 
vertical angle of acceptance 2a of 0. 05 radius.
The resolution can be defined as the value of E/A E which obtains 
when the image width has equal contributions from the source height h and the 
energy spread A E of the outgoing particles,
i. e. L d h ’ h = AE d S 9
dh d~E
Resolution = E /A E E=  X d S /  dh'
h d~E d~h
2 r R 2 
h <R2 + r2 )
2.5
2. 6
Differentiation of this expression shows that the resolution has a maximum
value for r = R, i. e. 90° deflection. If a resolution of 1000 is required at
r = R, then for R = 70 cm (the approximate effective radius of the pole pieces
when fringing field effects are considered) the object size must be 0. 7 mm.
4The magnetic field is stabilised to better than one part in 10 
by a feedback signal from a nuclear magnetic resonance system; therefore 
field instabilities make no significant contribution to the experimental resol­
ution.
2-2. 2 Detection of particles at the focal plane
At present nuclear emulsions are the most suitable particle 
detectors at the focal plane of a broad range spectrograph. They provide 
excellent position resolution and some degree of differentiation, on the basis 
of density and length of tr ack, between different kinds of particle. They also
30 ,
provide a m eans of d iscrim ination , on the basis of d irection  of track , against 
background produced by p a rtic le s  sca tte red  from the pole p ieces, vacuum box, 
and other su rfaces. The g rea t disadvantage of em ulsions is  the considerable 
tim e delay between exposure of the p la tes and the completion of m icroscope 
scanning.
So fa r  position sensitive  sem i-conductor counters (see, for 
exam ple, re f. B066) have been used with the A.N. U. spectrograph only for 
exam ination of sm all regions of the spectrum  in o rder to determ ine reaction  
yields p r io r  to exposing the nuclear em ulsions. Some consideration has been 
given to the instrum entation of the focal plane with position sensitive  de tec to rs , 
which a re  now re liab ly  available in lengths up to 5 cm.
The chief disadvantages of such a system  a re  :
(i) In o rder to obtain a com plete spectrum , it would be n ecessa ry , because
of the gaps between the detec to rs , to do two runs at slightly  d ifferent 
field settings.
(ii) A position versus pulse-height calibration  would be requ ired  for each
detector and it would be difficult to determ ine positions of p a rtic le  
groups as accurately  as is  possib le  with em ulsions; however for a 
lot of work th is is  not im portant.
(iii) A considerable outlay of money and manpower would be n ecessa ry  to
se t up and, m ore im portant, m aintain in working o rd er the la rge  
amount of equipment requ ired .
The principal advantages of such a system  a re  ;
(i) re a l tim e data collection
(ii) the position sensitive detec to r a lso  supplies inform ation regard ing  the
energy of the incident p a r tic le s , facilita ting  differentiation between 
different types of p a rtic le s .
2 -2 .3  N uclear em ulsions
Ilford K2 and K - l p la tes have been used for a ll the em ulsion 
work done up to now with th is spectrograph. The s ilv e r brom ide g rain  s ize
3 1 .
is  the sam e (about 0. 2 ju ) in these two types, but the fo rm er is  m ore sensitive ,
i. e. i t  req u ire s  a sm aller density of ionisation in K2 p la tes  to render develop-
able a given num ber of s ilv e r brom ide grains p e r m icron of track . It has been
3 4found that in K -l p la tes  the track s  of He and He p a rtic le s  can be distinguished
easily  on the b a s is  of track  density from  those of protons and deuterons; when
it is  d esired  to detect only protons o r deuterons, a suitable thickness of abso rb -
3 4ing foil is  usually  in serted  in front of the p la tes to stop all He and He p a rtic le s .
Before loading into the holder each p late  is  given a se t of 
re fe ren ce  m ark s  which a re  used for in te rna l m easurem ents on the plate  during 
scanning. A fter loading, each p late  is  given a re fe ren ce  m ark  whose position 
locates the p la te  re la tiv e  to the p late  holder, which is  assum ed always to 
locate in the sam e position inside the spectrograph.
2 -2 .4  T arget cham ber
The ta rg e t cham ber consists  of a 13. 7 cm inside d iam eter 
s tee l tube of wall thickness 2. ,54 cm , with a sliding band vacuum sea.1 s im ila r 
to that described ' by G roce (Gr63); th is  allows the m agnet and ta rg e t cham ber 
to ro ta te  re la tiv e  to the beam  d irection  without breaking vacuum. The ta rg e t 
cham ber and ta rg e t support rod  a re  insulated  from  ground, so that accura te  
beam  cu rren t in tegration can be perform ed  by connecting ta rg e t ladder and 
cham ber to a cu rren t in teg ra to r. The beam spot on the ta rg e t is  defined by a 
co llim ator 2 .5  cm from  the ta rg e t.
2 -2 .5  C alibration
At the tim e when the experim ents rep o rted  in th is  chapter 
w ere perform ed  the p late  holder used  had not been calib rated , i . e. the equa­
tion connecting X, the d istance from  the bottom of the p late  holder, and r ,  
the corresponding rad ius of cu rva tu re , was not accura te ly  known. As d iscussed  
la te r , the calibration  of another p la te  holder was taken as a f i r s t  approxim a­
tion and the co rrections requ ired  w ere determ ined for each run  using p a rtic le  
groups which could be identified with reactions of known Q -value.
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232-3 DETERMINATION OF ‘ Na LEVEL ENERGIES
2-3.1 Experimental procedure
23 25The levels of ' Na were studied by means of the " Mg(d, ot)
23Na reaction using 10 MeV deuterons from the tandem accelerator.
Considerable difficulty was experienced in producing mag­
nesium targets of sufficient thickness for the experiment. The isotopically 
enriched material was supplied in the form of MgO powder by A. E. R. E.
Harwell. The most successful method of preparation of targets was to spread 
the MgO powder in a thin layer over a tantalum strip which had been vigorously 
polished with emery paper in order to remove the oxide surface layer. The 
tantalum strip was heated under vacuum to orange heat by the passage of an 
electric current and the MgO powder was reduced to metal by the tantalum.
As soon as reduction occurred the Mg metal evaporated onto carbon foils 
supported above. The possible alternative procedure of evaporating the mag­
nesium onto carbon coated glass slides and then floating off the two layers 
from the slide is unsatisfactory since the magnesium layer tends to break up.
The maximum thickness of target which could be produced was about 20p gm
- 2  cm .
The target used for the experiment consisted of a thin (less 
-2 25than 10/Lt gm cm ) layer of 98% isotopically pure ~ Mg on a carbon backing 
-2about 25 gm cm thick. The deuteron beam was focussed through a 1. 7 mm 
diameter collimator 2.5 cm from the target. The tracks of the outgoing alpha 
particles were recorded on 25ju Ilford K-l emulsions. Runs were made at 
15°, 30° (twice), 45° and 52° with e^qposures varying from 10,000 to 30, 000p:C.
2-3. 2 Results
A typical spectrum is shown in fig. 2.4. Groups from the
25 23Mg(d, a )  Na reaction were distinguished by their change of energy with 
angle and are labelled numerically, the ground state being regarded as level 0 . 
Groups from other (d, a )  reactions are labelled by the residual nucleus, followed 
by the level energy in MeV. The many weak groups present and unlabelled in
80
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181 179fig. 2 .4  a re  probably due to the Ta(d, a) Hf reaction , since those which 
w ere observed at m ore than one angle w ere k inem atically  identified as coming 
from  a nucleus in th is m ass region.
A calibration of the spectrograph for the p la te  holder used in 
these  experim ents was not available. An in ternal calib ration  fo r each spectrum  
was th e re fo re  constructed; it  actually  took the form  of a co rrec tio n  curve to a 
p revious calibration of another p la te  holder. The co rrec tio n  curve was con­
s tru c ted  using the shifts of the « -p a r tic le  groups from  the ^ 0 ( d ,  a ) ^ N  reaction , 
the Q -value for which was taken as 3.1110 -  0. 0004 MeV (Ma67). The values 
for the excitation energ ies of the f i r s t  th ree  excited s ta tes  of w ere taken 
as  2.313 -  0. 002, 3. 945 -  0. 003 and 4. 910 -  0. 004 MeV (Hi60 and Bo53a). In 
th is  way the effects of ta rg e t th ickness and beam  energy sh ifts  w ere a lso  
allowed for. However this method is  open to the c ritic ism  tha t the ta rg e t 
th ickness correction  for oxygen reactions may be d ifferent from  that fo r m ag­
nesium  reactions. For the method to be com pletely valid a ll the oxygen in the 
ta rg e t would have to be contained in the m agnesium , and none in  the carbon 
p a r t of the ta rg e t. In view of the g rea t affinity of m agnesium  m eta l fo r oxygen, 
th is  seem s a reasonable approxim ation. Because of the th inness of the  m ag­
nesium  lay er one would expect the oxygen to be unif orm ly  d istribu ted  through
it.
25 23Taking the Q -value for the Mg(d, a) Na reac tio n  as  7. 0490 
+ 23-  0. 0026 MeV (Ma65), levels of Na w ere found at the excitation energ ies 
shown in table 2 .1 , column 1; column 2 shows the re su lts  of p rev ious in v esti­
gations. For each level an average has been taken over a ll ru n s  in which it
was observed. The probable e r ro r s  shown a r is e  from  the probable  e r ro r s
25 23 X6 14stated  previously  in the Q -values of the Mg(d, a) Na and 0(d , «) N
14
reactions and from  the u ncerta in ties  in the positions of the levels  in N, to ­
gether with an e r ro r  of, in m ost c ases , not m ore than 4 keV in the de te rm in ­
ation of the position of the group on the p late . It is  probable tha t som e weak 
levels have been m issed  above 7 MeV, and som e strong  ones above 9 MeV,
34„
Tab le 2 .1 Energy leve ls  of
23
Na above 3. 7 MeV excita tion in  un its  o f MeV 
-  keV
Group no. (1) (2) Group no. (1)
8 3.850-7 3.8507 8a)v 46 7.961^ 8
9 3.915-6 3.915-10a} 47 7 .983- 8
10 4.431-6 4 .4 3 l i lO a 48 8.057- 7
11 4.775-5 4. 7 7 8 -1 0 ^ 49 8.100^ 9
+ 5.16 l l 0 0 b) 50 8.123^10
12 5.378-5 51 8.151^10
13 5.534-5 5.5 * 52 8.177-10
I
14 5.738-8 53 8.220-10
15 5.762-8
I
54 8.251- 8
16 5.782-9 55 8 .320- 8
17 5.934-6 56 8 .357- 8
18 5.967-7 57 8.413^8
19 6.042-6 58
" f 5
8 .469 -8
20 6.115^6 59 8 .501 -8
21 6.194^6 60 8.555- 8
22 6.235^6 6.27 -50b^ 61 8.605^ 8
23 6.304-6 6 .3 C) 62 8 .643- 7
24 6.350-6 63 8.715^ 10h)
25 6.576-7 64 8. 796- 9
26 6.619-6 65 8.819^10
27 6.731-8 66 8.942-10
28 6.819-7 67 8.965^10
29 6.865-7 68 9.037- 9
30 6.914-8 69 9 .071- 9 
9.104-10
I
31 6.940-7 70
32 7.070-7 71 9 .170- 9
33 7.125-8 7.10 -20^|
34 7.181-7 7.21 -50b 72 9.210- 9
35 7.266-7 7.2  c>
9. 2 8 0 - l lgJ36 7.386-9 73
37 7.406-9 74 9.320-11®^
38 7.446-7 75 9 .400- 9 
9.425^1039 7.477-8 76
40 7.563^7 77 9.478-10 v
41 7.683^7 78 9 .537-117
42 7.721-8 79 + si 9. 629-11®'
43 7.745-7 80
+
9 .675-117
44 7.831^7 7.79 i 20b) 81 9 .7 3 2 - l lg 
9. 802^ 11S)45 7.873-7 82
(2)
8.43 -10 e)
9. 008-15
9 .202- 2 
9 .208- 2 
9 .249- 2
f)
f)
f)
+ f) 
9 .402- 2
9 .4 2 l i  2
9 .484- 2 '
a) Ref. Bu57 b) Ref. Gr61 c) R e f. Bo50 d)Ref. Sw64 e) Ref„Ma66
f) Ref. Ku59 g) Observed at one angle only h) P oss ib ly  double
3 5 .
this latter region always being badly obscured by groups from other (d, a) 
reactions. Because of these other reactions, groups 73 and 74, and 78 to
82 were observed at one angle only. They do not arise  from any known final
• Ai_ > . 12_ . . W  13 ,11^ 16^. n 414xt ,states in the reactions C(d, a) B, C(d, ol) B or 0(d, a) N and are too
181 179strong to result from the Ta(d, a) Hf reaction. Since no other competing
reactions were seen elsewhere in the spectrum, it is highly probable that
23these groups correspond to levels in Na. Below 4. 78 MeV and above 9.2
MeV excitation the agreement with the results of Buechner and Sperduto(Bu57)
and of Kuperus, Smulders and Endt(Ku59) is excellent. The levels found by
Kuperus et al. at 9. 202 and 9. 208 MeV would not have been resolved in our
experiment and probably correspond to the one group which we observed at
9. 210 - 0. 009 MeV. No level was found which could be identified with that
22 23found at 5.16 MeV by Gruebler and Rossel (Gr61) using the Ne(d,n) Na 
reaction. The state which was observed at 7.10 - 0. 02 MeV by Swann(Sw64) 
may be one of the two levels which we find at 7. 070 - 0. 007 MeV and 7.125 -
0.008 MeV.
25 23If the ground -state Q-value of the Mg(d, a) Na reaction is
adjusted to obtain the best agreement in the excitation energies of levels
22 2372, 75, 76, 77 with the results of the Ne(p, y) Na investigation of 
Kuperus et al. (Ku59), then the value obtained, taking into account the pro­
bable e rro rs  of the two sets of measurements, is 7. 048 - 0. 010 MeV. This
is in better agreement with the value 7. 0490 - 0. 0026 MeV computed (Ma65)
23 25from other mass links between Na and Mg thah is the previously m eas­
ured value (En52) of 7. 019 - 0. 013 MeV.
23The positions of the higher levels of Na have since been 
investigated by Dubois (Du67) using a double-focussing magnetic spectro­
m eter with particle detection by surface-barrier counters at the focal plane.
The resolution obtained is not quite as good as that obtained in the present 
experiment; in addition the work did not extend to such high excitation energies. 
However in the regions of overlap the results are generally in good agreement
36 .
with those of the present experiment.
232-4 DETERMINATION OF Mg LEVEL ENERGIES
2-4.1 Experimental procedure
23 24 3 23The levels of Mg were populated via the Mg(. He, a) Mg
3 ++reaction using He ions of 8 and 10 MeV. The target was supplied by
+ -2A. E. R. E. Harwell and consisted of a 70 - 10 fi gm cm layer of 99. 9% iso- 
24topically pure Mg on a thin carbon backing. Nine runs were made at 
various angles between 8° and 50° with exposures varying between 3,400 and 
10,000 n C. On each run different regions of the spectrum were obscured by
3
elastically scattered He groups. Most of the a-particle groups can be seen 
in the composite spectrum of fig. 2.5.
2-4. 2 Results
In the analysis of the spectra an internal calibration was con-
23structed in similar fashion to that for the Na data. However, since the
possible non-uniform distribution of oxygen through the comparatively thick
target could produce a difference in energy loss of up to 5 keV between a -
16 3 24 3particles coming from the 0( He, a) and Mg( He, a) reactions, the 
15positions of the O excited state groups could not be used to construct the 
calibration.
Hinds and Middleton (Hi59) have performed a magnetic spectro- 
24 3 23graph study of the Mg( He, a) Mg reaction with a thin target; therefore 
in their work the energy losses for magnesium and oxygen reactions were 
approximately equal. When they determined the energies of the seventh, 
eighth and ninth excited states they also observed, within a few cm of the
corresponding a -particle groups on the emulsions, the first and second excited
16 3 15 15state groups from the 0( He, a) O reaction. For these O states they
obtained excitations of 5.174 - 0. 010 and 5.233 - 0. 010 MeV, compared with
the now available values (A166, Ha67) of 5.182 - 0. 001 MeV and 5.241 -
0. 0006 MeV. It can therefore be concluded that the values of Hinds and
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Middleton for the excitations of the seventh, eighth and ninth levels in Mg
a re  a lso  about 8 keV too low. To th is  figure it seem s reasonable to attach
probable e r ro r  of 4 keV. After making th is adjustm ent the positions of these
th re e  groups w ere used as in ternal calibration  points. The differential ca li-
23b ra tion  was assum ed to be the sam e as that obtained from  the Na work,
24ap a rt from  the correction  for the variation in energy loss in the Mg ta rg e t
with the energy of the outgoing a. -p a rtic le .
In o rd e r to estab lish  definitely the existence of a tr ip le t at 5. 7
MeV the p la te  was scanned in th ree  separa te  s tr ip s  down the focal plane.
The sp ec tra  from  the th ree  scans w ere shifted re la tiv e  to one another in
o rd e r to com pensate for kinem atic broadening, which causes the positions of
the a lp h a-partic le  groups to change slightly a c ro ss  the focal plane. In th is
way a significant im provem ent in reso lu tion  was obtained.
23Levels w ere found in Mg at the excitation energ ies shown in
tab le  2. 2. As before, for each group an average has been taken over the
runs in which i t  was observed. The probable e r ro r s  shown a r is e  from  the
co rrec tions d iscussed  in the previous two parag raphs, together with the e r ro r
involved in the determ ination of the positions of the groups on the p la tes.
23The positions of the higher levels of Mg have since been investi­
gated by Dubois and Earw aker (Du67a), using a double-focussing m agnetic 
sp ec tro m ete r as described  in section 2-3. 2. The reso lu tion  which they obtain­
ed was inadequate to definitely estab lish  the existence of the t r ip le t  of levels 
a t 5. 7 MeV. In addition they did not extend th e ir work to as high excitation 
energ ies as the p re sen t work. However w here applicable th e ir re su lts  a re  
generally  in good agreem ent with those of the p re sen t experim ent.
3 8 .
23Table 2.2 Energy levels of Mg above 3. 7 MeV excitation in units of
MeV - keV
Group no.
7 3.800 - 5
8 3 .8 6 5 -5
9 3.976 - 5 +10 4.360- 6
11 4.682 - 6 +12 5.284- 6
13 5.450 -  6
14 5.651 - 7
15 5.686 -  8
I
16 5.706 - 8
17 5.931 -  7 
5. 984 - 7
I
18
19 6.128 - 7
20 6.194 - 7 
6 .2 3 8 -721
Group no.  
22 6 . 3 7 9 - 8
23 6 . 4 4 4  -  8 
6 . 5 0 8 - 824
25 6 . 5 4 0  ^ 8
26 6 . 5 7 1  -  9
27 6 . 7 7 1  -  8
28 6 . 8 1 1  -  8
29 6 . 9 0 0  -  8
30 6. 988 i  8
31 7 . 0 1 6  -  9
32 7 . 1 1 0  -  9
33 7 . 1 4 1 - 9
34 7 . 2 2 4 -  10
35 7 . 2 5 5  -  10
2-5 PARITY DEPENDENCE OF RELATIVE ENERGIES OF MIRROR LEVELS
It has been pointed out by Barker (Ba68) that in some odd-A 
mirror nuclei the differences in excitation energy between corresponding 
levels show a dependence on the parity of the levels. The exi stence of such 
an effect is not unreasonable: the difference in coulomb energies A E^ be­
tween two mirror nuclei having radius R is given approximately by
A E = 3 [ (Z + l)2 -  Z2 ] e2 = 3 (2Z. + 1) e2
° ~~5 R 5 R
so that if a nucleon in a negative parity state has a mean distance from the
nuclear centre different from that of a nucleon in a positive parity state, the
difference in coulomb energies A E will be different for positive and negativec
parity levels.
Barker defines a quantity 6 for a pair of mirror levels by
39.
6 “  1 Ex (Z> ) '  EX (z< > 1 -ve pa rity  '  [ Ex (Z> 1 '  Ex (Z< ] ] +ve p a rity
2, 7
w here E^ = excitation energy 
= 1/2 (A + 1)
Z< = 1/2 (A -  1) .
His p re lim in a ry  calculations for nuclei in the 2 s - ld  shell, which include the 
effects of d ifferences in coulomb energ ies and of Thom as-Ehrm an sh ifts 
(Th51, E151), im ply that the quantity 6 is  generally  negative for 4n + 1 nuclei 
and positive for 4n  + 3 nuclei, with | | g re a te r  than | |.  He
points out tha t notable exceptions to the above ru le  a re  the m ir ro r  nuclei with 
A = 17, 21, 35 and 39.
23
This p a rity  dependence is  p a rticu la rly  strik ing  fo r Na and 
23 Mg. In fig. 2. 6 these m ir ro r  levels below 4 MeV which have had th e ir  
p a r itie s  m o re  o r le ss  definitely determ ined  have been connected by full lines 
if they have positive pa rity  and dashed lines if they have negative p a rity . In 
determ ining which a re  the corresponding levels in the two nuclei, account 
has been taken of spin and parity  assignm ents and, w here these a re  not avail­
able, of gam m a-ray  decay schemes(En67, Du67a, Du67b, So68)„ All the 
m ir ro r  levels  below 4 MeV excitation can be recognised in th is  way. It can 
be seen from  fig. 2. 5 that the sh ifts  fo r positive and negative p a rity  levels 
a re  in opposite d irec tions, and in agreem ent with the ru le  d iscussed  above.
Some of the corresponding levels above 4 MeV cannot be 
definitely identified due to lack of inform ation regard ing  spins, p a r itie s  and 
decay schem es; however if the corresponding levels a re  conjectured on the
b asis  of excitation energ ies only, as shown in fig. 2 .6 , the seven levels
23between 4. 0 and 5. 8 MeV in Mg a re  displaced downwards by about 80 keV
23
re la tiv e  to the levels in Na. It is  th e re fo re  not unreasonable to conclude
23 23that all the levels in “ Na and Mg between 4 .0  MeV and 5. 8MeV excitation 
energy have positive parity .
“ Na “ Mg
Fig. 2.6 The corresponding levels of the mirror nuclei 
^Na and ^^Mg, showing the parity dependence of the 
relative energies of mirror levels. Positive parity 
levels are connected by full lines and negative 
parity levels by dashed lines.
4 0 .
2-6 T = 3/2 STATES IN Na
There has been much experimental interest recently in the
■f"
observation of high-isospin states, such as T = 3/2 states in T = - 1/2 nuclei 
and T = 2 states in T = 0 nucleic The principal motive for this work is the 
investigation of the validity of the isobaric multiplet mass equation, the deri­
vation of which requires certain interesting assumptions about the properties 
of nuclear forces (see, for example, ref. Wi64). The equation is
2M(A, T, T ) = a (A, T) + b(A, T) T + c(A,T) T ; z z z
it gives the masses of the (2T + 1) members of the multiplet. For example,
23 ,an isobaric quartet is formed by the Ne ground state, the lowest T = 3/2
23 23 23states in Na and Mg, and the A1 ground state. Since the equation is a 
quadratic, it can only be tested by the measurement of the mass of at least 
four members of a multiplet. The (A, T) dependence of the coefficients can be 
compared with a number of theoretical calculations (see, for example, ref. 
Ja66).
Gruebler and Rossel (Gr61) have argued that the first
+23 7rT = 3/2 state in Na, which would be the analogue of the J 
23 .
5/2 ground
state of Ne, is a state at 7. 72 - 0. 05 MeV which they observe strongly
22 23populated with an £ =  2 stripping pattern in the Ne(d,n) * Na reaction. Tl 
neutron energies were measured with a proportional counter. A more pre
else measurement (Du 67b), involving the magnetic analysis of the deuterons
22 3 23from the Ne( He,d) ' Na reaction, gives an energy for the first T = 3/2
+ 25state of 7. 890 - 0. 030 MeV. Recent work (Ha68h)using the reaction  ^ Mg
3 +(p, He) reaction gives an excitation energy of 7. 910 " 0. 030 MeV. A
combination of these two most recent results gives an excitation energy for
the first T = 3/2 state of 7. 900- 0.021 MeV.
25The fact that no levels are observed with the Mg(d, a )
23 + +' Na reaction between those at 7. 873 - 0. 007 and 7. 961 - 0. 008 MeV supports
a T = 3/2 assignment to any level observed between them in other reactions
23 25 23leading to Na, since isospin conservation requires that the Mg(d, a)-' Na
41 .
reac tio n  populate only T = 1/2 s ta tes . T herefore  the p resen t data support a
+ 23
T = 3 /2  assignm ent to the 7. 900 -  0. 021 MeV sta te  of Na. No conclusions
25can be drawn from  the p re sen t Mg(d, a.) study regard ing  the suggested (Mu67) 
second T = 3 /2  s ta te  at 8. 62 ^ 0. 03 MeV, due to the high level density in the 
corresponding region of the a lp h a-partic le  spectrum .
23The energy of the f i r s t  T = 3 /2  s ta te  in Mg has recen tly
been determ ined (Ha68a); however i t  is  not possib le  to compare the m asses
23of the A = 23 isospin  quarte t with the m ass  equation because the m ass  of A1 
has not yet been m easured.
23
2-7 NON-EXISTENCE OF STATES AT 2. 405 AND 2. 87 MeV IN Na
As pointed out in section 2-1, Lancman et al. (La65) have
23concluded from  a study of the gam m a ray s  following the ß -decay of Ne that
23th e re  ex ist additional levels in Na a t 2.405 and 2. 87 MeV. This is  ra th e r
su rp ris in g  in view of the non-observation of such levels in previous sp ec tro -
23 23graph studies of the N a(p ,p’) Na reaction  (Bu57), and of the lack of
23corresponding levels in Mg, although spectrograph studies of th is nucleus 
24 3 23
have involved the Mg( He, a) Mg reaction , so that these two s ta tes  m ight
not have been observed if they have very  little  hole ch arac te r (i. e. th e ir  wave
functions contain little  of the configuration corresponding to a neutron hole 
24in Mg). Lancman et al. suggest J  = 5 /2  for both levels, so that they would 
be expected to be populated fa irly  strongly in the (d, a) reaction  because of 
the approxim ate (2 J  + 1) dependence of the c ro ss-sec tio n s  to residual s ta te s  
of spin J  (Ma62).
Typical sp ec tra  covering the region of in te re s t a re  shown 
in Fig. 2. 7. There is  no evidence in the p re sen t data for the existence of a 
level n ear 2. 87 MeV excitation; if it  ex ists  it  is  populated, at 10 MeV bom bard­
ing energy and 45° , with le s s  than 0.5% of the strength  of the 2 . 71  MeV level. 
Due la rge ly  to the high energy of the alpha p a rtic le s  being analyzed, the 
spectrograph  was incapable in th is  experim ent of resolving any possib le 2.405 
MeV level from  the established 2.393 MeV level. The reso lu tion  (full width
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a t half maximum) is  about 35 keV in th is region. However, in none of the
sp ec tra  was the p resence  of a doublet indicated by m ovem ents of the centroid
of the group from  its  expected position.
Lancman et al. w ere  able to fit the positions and gam m a
23decay p ro p e rtie s  of the low-lying energy levels of Na, including th e ir
new levels a t 2.405 and 2. 87 MeV, with a collective model involving four
ro ta tional bands based on N ilsson o rb its  5, 6, 7 and 9 (see fig. 1 .3 ). Good
agreem ent was also  obtained with the experim ental log f t  values of the ß  
23tran sitio n s  from  Ne. Since th e re  w ere fourteen model p a ra m e te rs  avail­
able to be varied , and only eight levels with definite spin assigned (all the 
levels w ere assum ed to have positive  parity ), the p rocedure used to obtain 
a fit was to find a se t of values for the p a ram e te rs  which reproduced as 
closely  as possib le the observed level energ ies, and at the sam e tim e  the 
values had to be close to those expected from  the N ilsson model. If th is  
p rocedure  can give a good fit to a level schem e which is  in fact w rong, a t 
le a s t according to the p re sen t data, then it  is  c lea rly  n ecessa ry  to be very  
carefu l about drawing any conclusions regard ing  model applicability when 
such a p rocedure is  used to obtain a fit even to a c o rre c t level schem e. It 
is  desirab le  that the model p a ra m e te rs  be uniquely determ ined, o r p re fe rab ly  
overdeterm ined, by the experim ental data.
23
2-8 LOCATION OF PROBABLE HIGH SPIN STATES IN Na USING THE 
(2J + 1) RULE
It has been shown on theore tical grounds by MacDonald 
(Ma62), and verified  experim entally  by Hinds and Middleton (Hi61) and by 
Hansen et al. (Ha64), among o th e rs , that the to tal c ro ss-sec tio n  cr(J) for 
populations of a residual s ta te  of spin J  in a (d, a )  reaction  sa tisfie s  approxi­
m ately  the relation
(7 (J) ~ (2 J  + 1) 2 .8
42 .
provided that
43 .
(a) er (J) is  averaged over a num ber of bom barding energies
(b) the reaction  proceeds via a compound nucleus m echanism
(c) in the compound nucleus a la rg e  num ber of s ta tes  with spin J > J
v  • IN •
a re  excited
(d) the outgoing p a rtic le s  have sufficient energy to ensure  that th e re  is  no
b a r r ie r  suppression of values of the outgoing orb ital angular m omentum
JL which a re  consistent with J  and J .C .N .
Hansen et al. (Ha64) found that for the low-lying levels of
23 25 23Na the (2J + 1) ru le  was quite accura te ly  obeyed in the Mg(d, a )  Na
reaction  at up to 7. 7 MeV bom barding energy, and Hinds and Middleton (Hi61)
27 25
found good agreem ent in the Al(d, a )  Mg reaction  at 10 MeV.
C learly  the above ru le  cannot be expected to apply accura te ly  
to the data obtained in the present work, since the data have been taken at one 
bom barding energy and at forw ard  angles, where a d irec t reaction  m echan­
ism  m ay contribute significantly. However even an indication of probable 
high and low spin s ta tes  in the region above 5 MeV excitation is  useful, for
the following reason . T here is  som e evidence that the ro tational m o d e l, as
23d iscussed  in chapter 1, is  applicable to Na, and it is  therefo re  of in te re s t 
to locate the higher m em bers of the ro tational bands, the existence of which 
is  suggested by the level schem e a t low excitations. In view of the increasing  
level density above about 5 MeV excitation, i t  would be very  tim e consuming 
to examine the gamma decay p ro p e rtie s  of a ll the levels below, say, 7 MeV 
in o rd er to locate the high spin levels. It is  therefo re  useful to have som e 
com paratively fas t method of determ ining which levels a re  likely to have 
high spin.
If we consider the 30°, 45° and 52° data only, excluding the 
15° data on the grounds that i t  probably has a g re a te r  d irec t reaction  con tri­
bution, then the levels between 5 and 7 MeV excitation which a re  strongly 
populated at the th ree  angles a re  the 5.534, 6.115 and 6.350 MeV levels. It 
can be concluded that these levels  probably have high spin and that they a re
44 .
the f i r s t  levels which should be investigated with a view to locating the higher
23m em bers of the ro tational bands in Na. In fact som e recen t gam m a-ray  
data of Lindgren et al. (Li68) indicate that the 5. 53 MeV level probably has 
J = 11/2 and that a state  n ear 6 .3  MeV m ay have J  = 13/2, these perhaps
7T +being m em bers of the K = 3 /2  ro tational band based on the ground sta te .
2-9 COMPARISON OF RESULTS WITH STATISTICAL THEORIES OF NUCLEAR 
LEVEL DENSITY
Because of the many degrees of freedom  involved, a t suffi­
ciently high excitation energ ies a s ta tis tic a l trea tm en t of nuclear p ro p e rtie s  
becom es possib le . In this section the nuclear level density in the A = 23
nuclei is  com pared with the p red ictions of s ta tis tic a l theo ries. In the p resen t
23work it  has been possib le, p a rticu la rly  in the case of the Na nucleus, to 
observe the levels up to high excitation energ ies, so that such a com parison 
is  possib le .
2 -9 .1  B asic s ta tis tic a l trea tm en t of nuclear tem pera tu re  and level density 
The usual therm odynam ic definition of tem p era tu re  T of a
system  is
1 J
___ = ____ S(E) 2 .9
T dE
w here S(E) is  the entropy of the system  with energy E.
Lang and LeCouteur(La54) have shown that if p (E) is  the 
density of n uc lear levels (of all spins and p aritie s) a t energy E, then
___  log P (E)
d E d E 2 d E
d S  1 d . J  d E  
____ " _  _  log (T _____ ) 2.10
d T
w here the second te rm  is  com paratively  sm all
_  l o gp ( E )  
d E
d S(E) 1
T
2.11
45 .
E ricson  (Er59) has pointed out that if N(E) is  the num ber of excited s ta tes  
with energy le ss  than E, then in many cases a plot of log N(E) ve rsu s  E gives 
a s tra ig h t line.
Now if
d ,
___ log N(E)
dE
1
T
> say , 2 .12
d
(log P (E) )
1 d ^ N ( E ) v
) =  1 f i - i i  ] . 2.13
dE p (E) d E T T d E
. If, as E ricson  suggests, T is  a constant, then from  eq. (2.13)
1  1  J
___  = ____  = ____ log N(E) .
T T d E
T herefore  if eq. (2.12) holds, the nuclear tem peratu re  can be d irec tly  obtained 
from  a plot of log N(E) versus E.
It is  not at all obvious on theoretical grounds why N(E) should 
vary  exponentially with E, as d iscussed  above. A qualitative argum ent to 
explain th is constant tem peratu re  model has been given by E ricson (Er59).
He points out that the existence of an energy gap in the nuclear quantum sta tes  
due to pairing  energies introduces a certa in  ordering  in the nucleus, so that 
the nucleons a re  m ore co rrec tly  regarded  as being in a solid o r liquid s ta te  
ra th e r  than gaseous. As the excitation in c reases  th is ordering  is gradually 
overcom e, as in a m elting or evaporation p ro cess , in which the tem pera tu re  
rem ains constant.
On the other hand, if one reg a rd s the nucleons as form ing a 
F erm i gas, for which
and d E
d T
d E
d T
2.14
0 at T = 0 (3rd Law of Thermodynamics)
46 .
2
th en E = a T , w here a is  a constant
j
using (2.13 ), ___ log p (E) = /
d E ^ E
d N(E) = p (E) c* exp (2 J  a E ) .
d E
Now if [ log N(E) ] 2 = k E , k constant
2.15
then N(E) = 2.16
d N(E) = exp J k E  . 2 .17
d E 2 J e
The variation of d is  dominated by the exponential te rm ,
d E
and so eq. (2.15) req u ire s
[ log N(E) ] 2 oc E 2.18
Thus the F erm i Gas model, in co n trast to E ricson ’s constant tem p era tu re
1 /2m odel, p red ic ts  that log N(E) is  proportional to E
G ilbert and Cam eron (Gi65) have combined the constant te m p e r­
a tu re  and Ferm i gas m odels described  above in a sem i-em p irica l form ula for 
the level density; the fo rm er model is  used a t low excitations and the la tte r  
a t high excitations, w here the nucleons may be regarded  as in a gaseous 
sta te .
The p a ram e te rs  for the low energy form ula a re  calculated so 
tha t the level density curve jo ins smoothly onto that pred icted  by the high 
energy form ula. Both form ulae include co rrections for pa iring  and shell effects, 
using a sem i-em pirica l m ass form ula. According to G ilbert and Cam eron th e ir  
constant tem pera tu re  form ula holds for excitation energ ies E < E^ w here
E = 2 .5 + 150/A + P(Z) + P(N) MeV .
X
2 .19
47
The pairing  co rrec tions (P( Z) and P(N) a re  tabulated by 
G ilbert and Cam eron.
F o r A = 23 one obtains
14.14 MeV
F or energ ies below E , they give a form ulax 
P(E) 1 /T  exp [ (E -  Eo ) / T  ]
w here 1 /T
and
J 2 U x x
2 .5  + 150 / A
A (0. 00917;S + . 120 ) .
2 .20
2.21
2 .22
2.23
2.24
The shell co rrection  S is  tabulated by G ilbert and Cam eron.
This gives for Na
The in te rcep t E^ is  given by
2.08 MeV
Ex - T l o g T p 2 (Ux )
,  XT 1 exP (2 /ä ü  ) 1w here p U = ___ v
and
i*  a 1/4 U5 /4  
0.0888 (aU)1//2
s / 2  C7
2.25
2.26
2.27
This gives for Na
2.30 MeV
2 -9 .2  Experim ental re su lts
23 23
P lo ts of N(E) v e rsu s  E fo r Mg and Na a re  shown in 
fig. 2. 8 . It is  c lea r that log N(E) is  proportional to E. The stra ig h t line 
fits  to the data a re  alm ost p a ra lle l and give t = 2 . 0  MeV for both nuclei.
They both have 35 excited s ta te s  below 7.27 MeV, the highest excitation
23 23
reached in the Mg work. The falling away of the curve for Na above
E-MeV
N(E)
23No
50
10
4
3
2
I
Fig. 2.8 A plot of the number N(E) of levels with energy 
less than or equal to E versus E for ^^Mg and ^Na.
4 8 .
8 MeV excitation is  probably alm ost wholly due to som e of the levels not being 
observed in the experim ent because of the high level density and the p resence  
of contam inant reactions; it does not provide evidence for log N(E) being p ro ­
portional to y iT a t these  high excitations, as p red icted  by the F e rm i Gas 
model.
2 -9 .3  Conclusion
A logarithm ic re la tionship  between N(E) and E is  found to 
23 23
hold for Na and Mg in the reg ions of excitation studied. For both nuclei 
the nuclear tem p era tu re  is  2. 0 MeV and the fits  cut the vertica l axis close 
to N(E) = 1, im plying that Eq in equation (2. 21 ) is  close to zero . These 
values a re  com pared with the predictions of G ilbert and Cam eron’s form ula
Table 2 .3
P red ic ted Actual
T 2.08 2 .0
E 2.30 0.00
in table 2 .3 . The d isagreem ent in the value of E is  not much g re a te r  thano
that observed for n uclei with A > 25 in G ilbert and Cam eron’s paper, and it 
could have been concluded previously  that th e ir  form ula fo r pred icting  E^ 
is  only accu ra te  to within one o r two MeV in ligh ter nuclei, and th e re fo re  not 
of much value in th is  case.
2-10 SUMMARY
Many previously  unreported  levels have been found in the 
23 23nuclei Na and Mg. T here  is  a strong s im ila rity  between the level
schem es of these  two m ir ro r  nuclei, and the re la tiv e  energ ies of the m ir ro r
levels have been found to be dependent on the p a rity  of the levels. No evidence
has been found for the existence of previously  repo rted  levels a t 2.405 and 
232. 87 MeV in Na: the existence of these  levels m ust be considered doubtful.
23 +
The data support a T = 3 /2  assignm ent to the level in Na a t 7. 900 -  0. 021 
MeV. It has been concluded tha t the 5.534, 6.115 and 6.350 MeV levels
49 .
of Na have high spin, and so may be higher m em bers of the ro tational bands
which have been identified a t low er excitation energ ies in th is  nucleus. The
23 23nuclear tem p era tu res  of Na and Mg have been determ ined to be 2. 0 MeV, 
in good agreem ent with the sem i-em p irica l form ula of G ilbert and Cam eron.
50.
CHAPTER 3 
STUDY OF 27Al
This chapter d esc rib es  an investigation of the p ro p e rtie s  of som e 
27excited s ta tes  of Al. The purpose of the investigation was to obtain in fo r­
m ation which could be com pared with the predictions of the various m odels 
which have prev iously  been applied to th is  nucleus. In the in troductory  section 
the degree of ag reem ent between the various m odels and the experim ental data 
available p r io r  to the p re sen t work is  review ed.
3-1  INTRODUCTION
It m ight be e j e c t e d  that the N ilsson model treatm ent,w hich has
been successfu l (Li58) in describ ing  many of the p ro p e rtie s  of the level schem es
25 25 27
of Mg and Al, m ight also  be appropria te  to Al. The ground s ta te  quadru­
p l e  m om ent has been m easu red  as 0.15 barns (Fu65), com pared to 0. 22 barn s  
25for Mg(Lu62). This im plies a deform ation i) =  3, so that the N ilsson model
27 TTp red ic ts  (see fig. 1.3) that, like these  A = 25 nuclei, Al has low lying K =
5 /2 + and = l / 2 + bands , which a re  not mixed by C oriolis coupling since
27AK = 2 (see section 1 -1 .2 ). The sm alle r deform ation of Al im plies a sm alle r 
m oment of in e rtia , so tha t the m em bers of ro ta tional bands will be m o re  widely 
spaced, increasing  the probability  of th e ir  mixing with m em bers of bands 
built on high in tr in s ic  s ta te s .
27The usual N ilsson m odel in terp re ta tion  of the Al level schem e
supposes that the J F = 5 /2+ ground sta te  and the .JW = 7 /2+ 2. 21 MeV sta te
a re  the f i r s t  two m em bers of a = 5 /2+ band, and that the J 77" = l / 2 + 0. 84
MeV sta te , the J 77” = 3 /2 + 1. 01 MeV sta te  and the J 71 = 5 /2+ 2. 73 MeV sta te
TT +a re  the f i r s t  th ree  m em bers of a K = 1 /2  band (see fig. 3 .1 ).
If the KF = 5 /2+ band is  unperturbed  by C oriolis coupling or ro ta tio n - 
vibration in teraction  (see section 1 -1 .2 ), the energy spectrum  for the band is 
given by eq. 1 .7 ,
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27Fig. 3.1 Energy level diagram for A1 taken from the 
compilation of Endt and van der Leun (ref. En67).
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This gives an energy fo r the JF = 9/2+ m em ber of the band of about 5. 0 MeV. 
As pointed out in section 1 -1 .2 , the ro ta tion-v ibra tion  in teraction  te rm  is
TT +
always negative; if i ts  m agnitude is  assum ed the sam e as for the K = 5 /2
ground s ta te  band of the A = 25 system , the energy of the J  = 9/2 m em ber is
low ered to about 4. 0 MeV. Some authors have in te rp re ted  the 3. 00 MeV level
as the req u ired  J  = 9/2 s ta te , but quite ap art from  its  being ra th e r  low in
energy, the experim ental evidence regard ing  the spin of the level is  somewhat
contradictory , f irm  assignm ents having been m ade of both J  = 7 /2 and J  =
9/2 , as d iscussed  la te r  in th is section.
If the 0. 84, 1. 01 and 2. 73 MeV levels a re  the f ir s t  th ree
m em bers of the KF = l / 2 + band, as  m entioned above, then i t  can be shown,
again using eq. 1. 7, tha t the J F = 7 /2  m em ber should be a t about 3 .1  MeV.
It is  th e re fo re  e a s ie r , a t le a s t on energy grounds, to in te rp re t the 3. 00 MeV
level as the J  = 7 /2  m em ber of the K = 1/2 band then as the J  = 9/2 m em ber
of the K = 5 /2  band. The value req u ired  for the decoupling p a ram e te r a in
o rder to fit the energy spectrum  for the K = 1/2 band is  -  0 .72 , com pared
25to -  0. 03 for the corresponding band in Al(Li58).
The 2. 98 MeV level, which has been assigned J  = 3 /2  (En67)
can be fitted  into the N ilsson m odel schem e by in te rp re ting  i t  as the  f i r s t
m em ber of a = 3 /2 + band based on N ilsson o rb it 8 (see fig. 1 .3).
H artree -F o ck  calculations by Ripka (Ri68) suggest K = 1/2 
27
for the A1 ground s ta te . However i t  has been pointed out by H ausser et ai. 
(Ha68) that th is is  not in as good agreem ent with the value of the ground 
s ta te  quadrupole m om ent as  a K = 5/2  assignm ent. In addition the value of 
the decoupling p a ra m e te r which is  req u ired  to m ake the J  = 5/2  s ta te  the 
low est m em ber of a K = 1/2  band also im plies tha t the next m em bers of the 
band be J  = 1/2 then J = 9 /2 , o r v ice v e rsa , followed at considerably  higher 
excitation by the J  = 3 /2  m em ber (see for example fig. 4 of re f. Li58). It
52 .
th e re fo re  seem s likely that any ro tational in terp re ta tion  of the “ A1 level 
schem e m ust assum e a = 5 /2  band based on the ground sta te .
Serious difficulties also  a r is e  in the reconciliation of the 
observed gam m a-ray  transition  ra te s  with the ro tational model. The im plica­
tions of the observed transition  ra te s  from  the 3 .00  MeV level, if i t  is  a ss ig n ­
ed J  = 9 /2 , a re  d iscussed  la te r  in th is chapter. According to the K -selection  
ru le  (section 1-103) M l tran sitio n s  from  the supposed J  = 3 /2  and J  = 5 /2  
m em bers of the K = 1/2 band to the K = 5 /2  ground sta te  should be inhibitedo 
The streng ths a re  found (Sm68) to be (0. 017 -  0. 005) and (0.02 -  0. 01) Wu,
so that both a re  a facto r of ten g re a te r  than for the corresponding tran s itio n s  
25
in "Mg(Sh68).
The ine lastic  electron  sca tte rin g  data of Lom bard and Bishop
(Lo67) give values for the E2 excitation of the 0. 84 and 1. 01 MeV levels
which a re  respective ly  th ree  and six  tim es the values calculated using a
m odification of eq. (1.12). However for the 2.21 MeV level the agreem ent
is  good, i . e. the sam e deform ation is  requ ired  to fit the ground s ta te  quad-
rupole m om ent and th is excitation probability . This suggests that the 2 .21
MeV level has a ro tational ch arac te r.
Wildenthal et al.(W:i68) have m easured  spectroscopic  fac to rs  
28 3 27for the Si(d, He) Al reaction  at 34 .4  MeV; no m atte r what m ix ture  of
28N ilsson s in g le -p artic le  s ta tes  5, 9 and 8 (see fig. 1.3) was taken fo r the Si 
ground-sta te  wave function, agreem ent could not be obtained with the e x p e ri­
m ental spectroscopic fac to rs . It was found by Gove et al. (Go68), who studied 
the sam e reaction , tha t the re la tiv e  spectroscopic fac to rs  for the 0. 84, 1. 01 
and 2. 73 MeV levels req u ire  that the decoupling p a ram ete r a have the value 
+ 0 .3 , w hereas, as was pointed out e a r lie r , the level spacings im ply a =
-  0. 72 if these levels a re  in te rp re ted  as belonging to the K = 1/2 band.
The ine lastic  sca tte rin g  c ro ss-sec tio n s  to the levels with 
spin I7 in a ro tational nucleus a re  p red ic ted  by B la ir (B159), assum ing a d irec t 
reaction  p ro cess , to be given by
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where
d er
d fi 
d cr
d fi
(i , i - >  I» ) = ( n  ko I i ’K)
2 d cr
i  ) 3. 2
( 0 —>4 ) is the c ro ss-sec tio n  for ine lastic  sca ttering  to the ro ta t­
ional s ta te  of the appropriate  m ultipolarity  in the adjacent even-even nucleus.
Craw ley et al. (Cr65) have found that for proton inelastic  sca ttering  at 17.5 MeV
27the c ro ss-sec tio n s  for excitation to low lying Al levels a re  in poor agreem ent
25with the above equation, w hereas good agreem ent is  obtained for Mg.
27
When these deficiencies of the strong-coupling model of Al
becam e apparent attem pts w ere made to describe  th is nucleus with a weak-
28
coupling model (section 1-3). This is  reasonable in view of the fact that Si
+ + +
does not show a pronounced ro tational spectrum . Low-lying 1/2 , 3 /2  , 5 /2  ,
“4" “f
7/2  and 9/2 levels would be in te rp re ted  as a m ultiplet resu lting  from  the coupling
+ 26 28of a d_ , proton or proton hole to the 2 f ir s t  excited sta tes  of Mg o r Si.5 /2
The inelastic  proton sca tte ring  data of Crawley et al. (Cr65) give 
strong support for the la tte r  configuration; B lair (B159) has shown that for sta tes  
with a common core of angular momentum £, the c ro ss-sec tio n s  a re  given by
d cr
(1. I ->  V ) =
2 I '  + 1 d (J
d (2 I + 1) ( 2 £ + 1) d fl
Summation over I ’ from | I - £ | to I + £ gives
d cr
(0 II
T i + i2  d<T (£, I - »  r
d n
(o n 3.3
3 .4
Craw ley et al. found that th e ir data w ere in good agreem ent with the above equa-
*atl 
27
28 26tions if they assum ed a Si ra th e r  than Mg core, provided that account
w as taken of the mixing of the Al ground sta te  and 2. 73 MeV state, both of
It was also  found that the inelastic  proton angular7T +which have J  = 5 / 2
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distributions were more similar in shape to the angular distribution for in-
28elastic proton scattering to the Si first excited state than to the angular 
26distribution to the Mg first excited state.
Other inelastic scattering data (Ni64, Ko65, Bo65, St65) also 
27support a weak-coupling model of Ah
A further test of the excited core model is supplied by eq,
1.36, which expresses the energy of the 2 state of the even-even nucleus in 
terms of the energies of the members of the multiplet. When the effect of the
TT + +mixing between the two J =5/2 states is ignored, the first excited 5/2
state is predicted to be at 1. 9 MeV (Th65). Since the effect of such mixing is
neglected in eq. 1.36, it is this value which should be substituted, along with
the energies of the other members of the multiplet, to obtain the predicted
energy of the first excited state of the even-even core; the result is 2.15 MeV,
28 26which is in fair agreement with the experimental values for both “ Si and ' Mg,
of 1. 77 and 1. 81 MeV respectively. Thus the energies of the members of
28the multiplet do not provide a means of distinguishing between excited Si 
26and Mg cores for the members of the multiplet.
28Assuming an excited Si core, Thankappan (Th66) has
attempted to fit excitation energies and gamma-ray transition rates for the 
27low-lying levels of Al. He is only able to fit the excitation energies of the 
members of the multiplet using a hole-core interaction involving five para­
meters, so that the excitation energies can of course be fitted exactly. Using 
the interaction parameters obtained from the fit to the excitation energies, 
the E2 decay rates of the members of the multiplet to the ground state are 
predicted correctly to within 50%. Using an effective proton g-factor which 
is adjusted to fit the measured ground-state dipole moment, the predicted Ml 
transition rates are not in very good agreement with the experimental data.
Similar difficulties with magnetic properties were found when the same model
63was applied (Th65) to Cu. The discrepancy with experiment for the Ml decay 
of the 1. 01 MeV level to the ground state can be removed by considering (Ev67)
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the mixing between the 1. 01 MeV level and the 2. 98 MeV level, which also has 
_7T 3/2+. If the simple model discussed above is correct, then the only
27 28 3 27levels of A1 which are strongly excited in the Si(d, He) A1 reaction should
be the ground state and the = 5/2+ 2. 73 MeV level. The stripping patterns
should have 1 =2 .  However experimentally it is foun d (Wi68, Go68) that in
addition the 1. 01 MeV level shows a fairly strong SL = 2 pattern, and the 0. 84
MeV level shows an H = 0 pattern. A strong Ü = 0 transition to the 0. 84 MeV
26 3level is observed (Go68) in the Mg ( He, d) reaction, indicating that this
level is largely an s^ ^  single-particle state. It is therefore clear that the
weak-coupling model, at least in the attractively simple form which has been
27considered, cannot explain all the experimental data concerning Al.
Wildenthal et al. (Wi 68) discuss some shell model calculations 
which took into account ld^^ and 2 s ^ 2 configurations only; the various para­
meters of the Hamiltonian were varied to give a best fit to many levels between
A = 20 and A = 28. Quite a good fit is obtained for the positions of all the 
27low-lying levels of Al. The positions of the 1. 01 and 2. 98 MeV levels are
3
fitted quite well; since the (d, He) results show that these levels have an 
appreciable ld^^ component, it is apparent that energy level positions are 
much less sensitive to admixtures of ld^^ configurations than are the spectro­
scopic factors. Good agreement is obtained with the spectroscopic factors for 
the transitions to the ground state, 0. 84, 2. 73 and 3. 67 MeV levels. The 
semi-quantitative calculations of Bouten et al. (Bo67), which were discussed 
in section 1.3, correctly predict the ordering of the low-lying levels, and fair 
agreement is obtained for the level energies. Both of these shell model calcu­
lations (Wi68, Bo57) are consistent with JF = 9/2 for the 3. 00 MeV level.
It is clear from the above discussion that if the 3. 00 MeV level 
does not have spin 9/2 then almost all previous interpretations of the level 
scheme will have to be revised.
Prior to the present work the experimental evidence was some­
what contradictory. Towle and Gilboy (To62) claimed an unambiguous assign-
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ment of J = 9/2 from inelastic neutron scattering; the 7 -ray correlation
results of Lawengren (La64) are consistent with this assignment, but the
possibility of fitting the data for other spin assignments was not investigated.
Wakatsuki and Kern (Wa65) applied gamma-ray correlation methods to the 
27 27Al(p,p’yy.) A1 reaction and made a firm assignment of J = 7/2, but it is not 
obvious that the data used to exclude a J = 9/2 assignment were free of contri­
butions from the 2. 98 MeV level. In addition the dubious assumption (see, 
for example, ref. (E166)) was made that the reaction proceeds through an 
isolated level of the compound nucleus.
During the course of the present investigation, Sheppard and
van der Leun (Sh67) reported some gamma-gamma correlation measure ments 
26 27on the Mg(p,y”>) A1 reaction, using a Ge(Li) spectrometer, and claimed an
unambiguous assignment of J = 9/2. However Gove et al. (Go67, Go67a)
claimed an assignment of J = 3/2 or 5/2 from a D. W. B. A. analysis of the
28 3 27angular distributions in the Si(d, He) Al reaction; a magnetic spectro­
graph was used to resolve the 2. 98 and 3. 00 MeV levels. This made it clear 
that in addition to re-measuring the spin of the 3. 00 MeV level, it was worth­
while investigating the possibility that the level was in fact a doublet, one
3
member having J = 9/2 and the other, preferentially populated in the (d, He) 
reaction, having J = 3/2 or 5/2.
27There has been little theoretical discussion of the Al level 
scheme above the 3.00 MeV level, due in part to the paucity of experimental 
data. However, recently there have been some investigations of the higher 
levels, since it is now clear that such information is necessary for a full 
under standing of the properties of this nucleus.
As was mentioned earlier, the interpretation of the 0. 84, 1. 01 
and 2. 73 MeV levels as members of a KF = l /2 + band requires that the 7/2 
member of the band be at about 3.1 MeV. Therefore unless the 3. 00 MeV 
level has J = 7/2, as found by Wakatsuki and Kern, there should certainly be 
a J = 7/2 state below 4 MeV excitation energy if this interpretation has any
57 .
validity at all.
The Chalk River group has studied the 4.51 MeV level (Sm68, 
Ha68) and suggested that it is the l l / 2 + member of the K = 5/2 rotational 
band built on the ground state. However the intra-band transition rates are 
not consistent with a simple rotational interpretation. Ropke and Lam have 
therefore suggested (R068) that the 4.51 MeV level may be the second member 
of a K = 9/2 band based on the 3.00 MeV level. Since there are no single­
particle states with K = 9/2 predicted by the Nilsson model for this region 
(see fig. 1.3), they suggest that a proton in the K = 5/2 state may couple to 
the second excited J71" = 2+ level of ^6Mg at 2. 94 MeV, which they conjecture
may be a core-excited state with K = 2. They point out that it would be of
+ 27interest to locate the second 9/2 state in Al; this presumably would belong 
to the K77 = 5/2+ ground state band. It has recently been suggested by Anyas-
TT +Weiss and Ropke (An69) that the 4.58 MeV level may be the required J = 9/2 
state; it is known (E168) to decay 79% to the J = 5/2+ ground state and 11% 
through the 2.21 MeV level, which has J77" = 7/2+. They found from a study of 
the ' N a(a, y)  Al reaction that the 4.58 MeV level has J = 7/2 or 9/2 .
3-2. THE A.N.U. DOUBLE-FOCUSSING MAGNETIC SPECTROMETER
Some of the measurements described in this and the following 
chapter required the use of the double-focussing magnetic spectrometer. A 
full description of this instrument has been given by Elliott (E168a), and so 
only a brief account will be given here. A sectional view is shown in fig. 3.2.
3-2.1 Magnet design
The design of the magnet is based on the work of Ikegami 
(Ik58), who considered the second-order focussing properties of a non- 
uniform magnetic field with circular boundaries at entrance and exit. He 
showed that it was possible to achieve zero second-order aberrations in the 
radial direction, and at the same time obtain double focussing (i. e. focussing 
in radial and azimuthal directions without astigmatism).
Fig. 3.2 A section through the vacuum box of the double­
focussing spectrometer, showing particle trajectories 
N.M.R. recess, beam catcher, anti-scatter baffles and 
mounting for position-sensitive detector. A new 
position-sensitive detector mount is now in use which 
allows the mounting of up to three 5-cm long 
detectors.
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I f  the magnetic fie ld  at the medi an (z = 0) plane is
Bz (r) = B (1 -  aP  + ß P 2 ) 3.5
where Bq is  the magnetic fie ld  at the central o rb it (r = R) and P = (r -  R )/R , 
then i t  is  required that a  = 1/2 fo r double focussing. The second-order 
aberrations are m in im ised i f  ß = 0.34 and the radius of curvature of the mag­
netic fie ld  boundaries at entrance and exit are chosen appropriately. The 
point of in tersection of the focal plane w ith the mean o rb it can be calculated 
using the f irs t-o rd e r  theory of Judd (Ju50); the calculation of its  angle of 
inclination to the mean o rb it requires th ird  order theory (Ju57) or num erica l 
techniques (El68a). According to Judd (Ju50) the solid angle ß is  given by
ß r  1 + d 2 4 n 3.6
___ = I _____o_  + d
A L Q (1 „  Q,) j
2
where A r  is  the available cross-sectional area fo r the beam in  its  o rb it o
round the spectrom eter and dQ is  the distance from  the object to the magnetic 
fie ld  boundary. For a given value of dQ , the maximum solid angle is  obtained 
fo r a  = 0.5.
In the absence of aberrations, the resolving power R is  given
by (Ju50)
-i
R = p /  6 p = + r  , 3.7
s ( l  -  a )
where p is  the p a rtic le  momentum, is  the magnification in  the rad ia l 
d irection and s is  the object size. Therefore high resolution requires a  
close to one and sm all m agnification, which in tu rn  requires (Ju50) dQ sm all. 
Thus there is  a con flic t between the requirements fo r good resolution and 
large solid angle, even before the effects of aberrations, which are concomitant 
w ith  large solid angle, are considered.
The magnetic fie ld  in  the A. N. U. instrum ent has a  = 0.50 and 
ß varies from  0.40 at 6 kG to 0.27 at 12. 5 kG. The mean o rb it radius is
59.
61 cm , so that 27 MeV protons can be focussed by a 12.5 kG field. The object 
d istance d^ of 26 cm allows the sp ec trom eter to be ro tated  to an angle of 155° 
with re sp ec t to the beam  direction . The m aximum solid angle of acceptance 
is  13 m sr; th is can be increased  to about 15 m s r  by moving the re c e s s  fo r 
the N. M. R. probe (used for m agnetic field  m easurem ent) rad ia lly  outw ard, 
with attendant d ecrease  in the quality of the N. M. R. signal. The energy r e s o ­
lution has been m easured  for a 0. 8 mm d iam eter object size  to be E /  A E =
760 -  40 with the entrance s lits  se t for m aximum solid angle, and 1110 -  85 
with 1 /8  of maximum solid angle. The d ispersion  is  such that 1 cm d istance 
along the focal plane corresponds to approxim ately a 0 . 6 % difference in 
p a rtic le  energy.
3 - 2 . 2  Detection of p a rtic le s  a t the focal plane
P a rtic le s  a re  detected a t the focal plane by su rfa c e -b a rr ie r  
solid s ta te  de tec to rs . One mount accom m odates a single diode detec to r and 
the o ther is  designed (E168a) to allow up to th ree  5 -cm  long position sensitive  
de tec to rs  to be mounted along the focal plane. With both mounts p rovision  
is  m ade for changing the ab so rb er th ickness in front of the d e tec to rs  without 
b reaking  vacuum.
3 -2 .3  T arget cham bers
Two ta rg e t cham bers a re  a t p re sen t in u se  with the sp ec tro ­
m e te r . One incorpora tes a sliding band arrangem ent which allows the 
spec tro m ete r to be ro ta ted  re la tiv e  to the beam  direction  without breaking 
vacuum. This cham ber is  intended fo r m easurem ent of p a rtic le  angular dis -  
tribu tions and of gam m a-ray  decay schem es of nuclear levels (see section 
4. 2 and fig. 4 .2 ). The other cham ber is  designed for use  in the m easurem ent 
of p a rtic le -gam m a co rre la tions with the sp ec trom eter se t a t 0° to the beam  
d irection . It is  designed to give the maxim um  possib le  degree of iso tropy  for 
gam m a-ray  absorption and consists  sim ply of a flat-topped s ta in less  stee l 
cylinder of 8 .2  cm rad ius and 1. 6 mm wall th ickness, with a p e rtu re s  fo r 
beam  entry  and exit.
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3 -2 .4  Nal(Tl) de tec to r mounting
F o r the m easurem ent of gam m a-ray  angular d is tribu tions, 
Nal(Tl) c ry s ta ls  a re  mounted on a horizontal c irc u la r  stee l p la tfo rm  1. 9 cm 
thick  which has dow el-bolt holes d rilled  every ( 5 . 0 -  0 .1)°; th ese  locate the 
c ry s ta l m ounts. The fron t su rfaces  of the c ry s ta ls  can be se t a t any d istance 
between 8. 2 and 35. 0 cm  from  the ta rg e t by sliding the co lla rs  in which the 
c ry s ta ls  a re  clam ped along the rad ia l b ra s s  ra i l  which form s the base  of the 
m ounts. At a d istance of 20 cm from  the ta rg e t, 12. 7 cm (diam eter) by 
10. 2 cm (long) Nal(Tl) c ry s ta ls  can be ro ta ted  in 2 .5 °  steps from  45° to 157. 5° 
on e ither side of the beam .
3 -2 .5  Use of sp ec tro m ete r a t 0° to beam  direction
The ability  to detect nuclear reaction  products a t 0° to the 
beam  d irection  has two im portan t applications in spectroscopy. F irs tly  th e re  
is  the p a rtic le -g am m a ra y  angular co rre la tion  technique commonly known as 
m ethod II of L itherland  and Ferguson (Li61) which will be d iscussed in section 
3 -3 . The second application, suggested by L itherland (Li61a), is  the d e te r­
m ination of the p a r itie s  of levels populated in reactions of type A (o', ß) B in 
which A, a  and ß  have zero  spin. In such a situation ß  cannot be em itted 
a t 0° (or 180°) to the incident beam  direction if the p a rity  of B, with spin J ,  
is  (-1)J+1. T herefo re  if the level spin is  known, the p a rity  can be determ ined .
In o rd e r to p reven t p a rtic le s  resu lting  from  the im pact of 
the beam  on the w alls of the vacuum box from  reaching the focal p lane, b e ry ll­
ium -copper baffles a re  mounted as shown in fig. 3.2.  In the study of ( a  , p) 
reac tions these baffles, together with an absorbing foil in front of the focal
plane detec to r to stop sca tte red  cn -p a rtic le s , ensure  an adequately clean
1 4proton spectrum . However a problem  does a r is e  from  the H( cn ,p) He 
reaction , th e re  always being som e hydrogen p resen t in the ta rg e t. The energy 
degraded component of the beam  (resu lting  from  sca tte rin g  by the various a p e r­
tu re s  in the beam  line) produces an extended ta il on the very  in tense proton 
group resu lting  from  th is  reactio n . The proton groups from  the reactio n  of
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in te re s t th e re fo re  lie  on top of th is background; however there  a re  no gam m a- 
ra y s  associated  with th is background, and so it does not consitute a serious 
problem .
As can be seen from  fig. 3 .2 , a beam  catcher is  mounted 
inside the vacuum box. It was in itia lly  thought that th is device would signifi­
cantly reduce the num ber of sca tte red  p a rtic le s  reaching the focal plane during 
the study of reactions such as (p, a)  in which an absorbing foil cannot be used 
in front of the focal plane detec to r. However it is  found that the m ain  energy 
component of the beam  is  adequately contained by the bery llium -copper 
baffles, while the energy degraded component is  sufficiently in tense to p ro ­
duce an in to lerably  high count ra te  in the focal plane detec to r. It is  e j e c t e d  
tha t any reaction  study in which the rig id ity  of the focussed p a rtic le s  is  g rea te r 
than that of the beam  will be possib le  a t 0°, since the baffles on the inner 
su rface  of the vacuum box will catch both the main beam  and its  energy de­
graded ta il. Unfortunately few (p, a) reactions have a positive Q -value.
26On one occasion an attem pt was made to study the Mg(p, a) 
2^Na reaction  (Q-value -  1. 82 MeV) at 0° with no collim ators in the beam  
line, in the hope of g reatly  reducing the amount of s lit-s c a tte re d  beam . This 
m ethod produced no significant im provem ent, and it is  a t p re sen t considered 
tha t m ost of the energy degradation occurs when the beam  p asse s  through the
90° analyzing magnet and the switching m agnet. N either did any im provem ent
/
re su lt from  inserting  a n ti-sc a tte r  co llim ators, in the beam  line, indicating 
tha t the energy degraded component of the beam  is  travelling  on the sam e 
tra je c to ry  as the main component.
T here a re  two possib le  solutions to th is problem . A beam  
catcher can be in serted  between the ta rg e t and the m agnetic field; then the 
energy degraded beam  w ill not have been separa ted  from  the m ain component, 
and so w ill not enter the m agnet. A lternatively a tra n sm iss i on counter can 
be mounted in front of the focal plane; the energy loss signal can be used to 
re je c t unwanted pulses from  the focal plane detec to r. However the e lec tron ics
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to perform such rejection would have to be capable of handling up to 10 counts 
per second.
3-3 ANALYSIS OF GAMMA-RAY ANGULAR CORRELATIONS 
3-3.1 Introduction
The angular distribution of electromagnetic radiation emitted 
in a transition between states | M^> and |J  ^ > , where J, M are res­
pectively the angular momentum and magnetic quantum numbers, depends on 
L, the multipolarity of the radiation, and the modulus of the corresponding 
magnetic quantum number A , where A = M - M = A M, say. In the general1 C i
case where several magnetic substates of the emitting state are populated, and 
where transitions occur to several substates of the final state, the observed 
radiation pattern is an incoherent superposition of the radiation patterns for 
each value of | A M | . The relative intensities of the radiation for each 
transition M —> M are proportional to the amount of population of the sub-1 Z
state and to
I < J2 M2 L A I V I J M > |2 3.8
where V is the interaction which causes the transition. Application of the 
Wigner-Eckart theorem gives
< J2M2L A|  V I J1 M1 > = (J2 M2 L A I Jx Mx ) < J2 I I L I I J1 > 3. 9
where < J I I L I I J > is called a reduced matrix element of L and is independ-
Z I
ent of M ,M and A .
JL Z
Therefore the observed radiation pattern is, in cases of 
symmetry about the z-axis ,
W (9) = 2  P(M1)(J2M2L M -  M | J M )2 |< J | | L | | J ^ 2
M1M2
M - M <L
1 z _
X FL, j.A Mj. ( 0 ) 3.10
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w here F ^  | is  the radiation p a tte rn  for radiation of m ultipolarity  L and 
m agnetic quantum num ber AM, and the population p a ram ete r P(M ) is  the
amount of population of the substate  M.
2
M.
P(M 1)
norm alised  so that
1 . 3 .11
The reduced m atrix  elem ent can be taken outside the sum m ation and does not 
affect the observed pattern . The quantity W^( 0 ) may be called the angular 
d istribution  of em itted rad iation  with re sp ec t to the z -ax is  or the angular 
co rre la tion  between the d irection  of the em itted rad iation  and the z -ax is .
T herefore  the observed rad iation  patte rn  depends only on 
the population p a ram ete rs  and on angular momentum quantum num bers. If 
the population p a ram ete rs  can be determ ined, then by m easurem ent of the 
rad iation  patte rn  i t  is  possib le  to obtain inform ation regard ing  the angular 
m om enta involved in the transition .
C learly  if many values of | AM | contribute, then the observed
radiation  pa ttern  will be fa irly  iso trop ic  (m ore or le ss  in any p a rticu la r case ,
depending on the constituent rad iation  p a tte rn s , F ^  )• hi such cases
the in terp re ta tion  of the observed p a tte rn  in te rm s  of angular momenta m ay
be m ore difficult. It is  th e re fo re  often useful to reduce as fa r as possib le  the
num ber of contributing m agnetic substa tes of the em itting s ta te , i. e. to bring
about a t le a s t some degree of alignm ent of the angular momentum vector
re la tiv e  to som e defined z -ax is . Alignment is  d iscussed  fu rther in section
3 -3 .3 . Obviously if a ll the m agnetic substates a re  equally populated, then
th e re  is  no direction defined for the gam m a-ray  em itting nuclei, and so the
angular d istribution of the rad ia tion  is  iso trop ic . It is  also  c lea r that in
general i t  is  desirab le  that the num ber of contributing m agnetic substates of
the final s ta te  be as sm all as possib le . T herefore  it is  to be expected th a t
in m ost cases the in te rp re ta tion  of the observed rad iation  pa ttern  will becom e
m ore  difficult as the final s ta te  angular momentum in c rease s . For th is  reaso n  
27 29nuclei such as A1 and " Al, which have a ground state  spin 5 /2 , a re  not
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p a rticu la rly  favourable for investigation by gam m a-ray  angular d istribution  
m ethods, since a substantial fraction  of the strong transitions w ill, due to 
the energy dependence of gamma ra y  transition  ra te s , proceed to the ground 
s ta te .
The above trea tm en t of pure  m ultipolarity  tran s itio n s  can be
very  sim ply extended to allow for m ixing of m u ltipo larities. If the s ta te
I > can decay to | > by em itting radiation of two d ifferent
m ultipo larities  L and L’, then the two transition  am plitudes A (0 ) and
J-1
A ^f a re  proportional to < J  | | L | | J  > and < | L’ | J  > respectively.,
e. g. Al  ( 0 )  = < J 2 | | L | | J 1 > f (J1, J 2> L , 0 , P(M)) , 3 .12
w here P(M) h ere  denotes a ll the (2J^ + 1) population p a ram ete rs  and
WT (0 ) -  I At ( 0) f  . 3 .13
1j
T herefo re  the observed rad iation  p a tte rn  is  
WLL, ( 6 )  ~  I Al (0) + Al ,(0) I2
2
[ f  (J1> J 2. L, 0 , P(M)"| + 25 f (J r  J 2, L, e ,  P(M)) x 
fiJj.Jg, L ', e , P(M)) + 52 [ f ( J 1>J 2,L ',  e ,P(M ) ]
3 .14
w here 6 f the m ultipole am plitude m ixing ra tio , is  defined by
< J J i > 3.15
< J 2  II L  M >
It has been pointed out by Rose and B rink (Ro67) tha t m any 
authors a re  im prec ise  in th e ir  definitions of the above reduced m a trix  elem ents 
and of the operato r L. Rose and B rink define 6 as
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< Jj  II TL ' <,T>I I J2 > <2 L + 1 >1/2 3.16
<J1 II TL<,r> II J2 > <2L' + 1)1/2
<77 >w here T is  an in teraction  multipde operato r and the value of 77 indicates
w hether e lec tric  or m agnetic rad iation  is  involved. They point out that th is 
definition fac ilita tes  the unambiguous com parison of the sign of 6  with the 
pred ictions of nuclear m odels. Their sign convention is  used in the p resen t 
work. With the above definition, 6  has the useful p roperty  that its  sign can 
be ex tracted  from  angular co rre la tion  data without a knowledge of whether 
a p a rity  change occurs in the transition .
3 -3 .2  N uclear alignm ent
In section 3 -3 .1  the re levance of alignm ent to angular c o rre l­
ation m easurem ents was m ade c lea r. A sta te  with angular m om entum  J  has 
(2J + 1) m agnetic substates corresponding to p ro jections M = - J ,  -  J  + 1, . .  
. . .  J  on som e defined axis of quantisation. An ensem ble of nuclei in a level 
with spin J  is  said  to be aligned if the populations P(M) of the m agnetic sub­
s ta tes  a re  not all equal, but P(M) = P ( -M ). If P(M) 4  P (-M ), the ensem ble 
is  said to be po larised .
If the reacting  system  in which the s ta te  | J  M> is  form ed 
is  invarian t under reflection  in the plane norm al to the beam , then P(M) = 
P(-M) if the beam  is  taken as defining the axis of quantisation. If the incident 
beam  or the ta rg e t is  po la rised , then the ensem ble is  po la rised . Methods of 
producing aligned and p o larised  nuclei a re  d iscussed  by Blin-Stoyle and 
G race (B157).
As soon as the s ta te  | JM > is  form ed the d irec tion  of the 
nuclear spin vector will s ta r t  to p re c e ss  under the influence of atom ic fields, 
and so any alignm ent very  quickly d isappears. For s ta tes  with a ifetim e 
g re a te r  than approxim ately 10 ^  sec (Fe65), the de-alignm ent is  likely  to 
be significant and the p re sen t d iscussion  is  not applicable.
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3 -3 .3  Angular corre la tions in an ax ially -sym m etric  system
The general expression for an angular corre la tion  of gam m a-rays 
from  an ensem ble of nuclei is  (see for example re f. Fe65)
J1J2M1M2
< j j Mi  I p I j 2m 2 > < j 2m 2 i « I j i Mi  >
P € 3.17
The symbol T r ^ denotes the tra c e  (sum of diagonal e lem en ts) of the m a trix  
p e , p is  the density m atrix  constructed  for the ensem ble using eigen­
functions I JM > and indicates the probability  that a p a rticu la r s ta te  | JM > 
is  populated, and « is  the efficiency m a trix  which contains the specifications 
of the positions and sizes of d e tec to rs , and hence indicates the probability  
tha t rad iation  from  a p a rticu la r s ta te  will be detected.
The above equation can be w ritten  as
w  = = t  PkH <J1J2> ‘ <J1J2> '
W *
3. 18
w here p and^i a re  irred u c ib le  ten so rs  corresponding to p and € res-
KH K
pectively  and a re  defined by
PkH<J l J2) = 2  <->
M i m 2
and
J 2 -M2 -  M2 I kK) < J 1M1 I p| J 2M2 >
3 .1 9
J  -M
‘ k * (Jl J2> = =  ( -  > 2 2 <J1M1J2 " M2 I kH) < J1M1 I £ I J2M2 > '
M1M2 3 .20
One of the reasons for introducing these irred u c ib le  ten so rs  in th e ir  w ell- 
known p roperty  of transfo rm ing  under a ro tation R according to
Lr*
P\ / W  = 2  D H H ' (R> P k „ < J l J 2> 3 . 2 1
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where ^ t (R) i®3 8X1 elem ent o f the ro ta tio n  m a tr ix  (see, fo r  example, re f. 
Fe65, section 2 .3 ). The ro ta tion  R is  specified by the E u le r angles (0 , 0 , 0 )
± Z o
between the old and new co -o rd ina te  axes.
F o r a ro ta tion  <j> about the z -a x is ,
D HH- (<t>’ °> 0 ) = exp ( -  i  H 4>) 6^ . 3 .22
The re fo re , fro m  eq. 3 .21 , fo r  such a ro ta tion
P’k „  (J J )  = exp ( i n  <j>) Pk  H (J J) 5)( • 3.23
But fo r  a system  sy m m e tr ic  about the z -a x is  i t  is  requ ire d  tha t fo r  any ro ta tion
<t>
P W JJ> = PkH <J J > • 3 " 24
T he re fo re  fo r  such a system  H = 0. In addition i t  then fo llow s fro m  eq. (3.19)
that M = M  , i .  e. the density m a tr ix  is  diagonal in  M. There fo re  the equation 1 z
(3.18) fo r  the angular co rre la tio n  is  g re a tly  s im p lifie d  when the in it ia l state is  
created in  an a x ia lly  sym m e tric  system . F o r example, in  nuc lear reactions 
i f  the in it ia l state is  produced by the em ission of unobserved ra d ia tio n  (pa rtic le  
o r gamma ray) o r by the em ission of observed rad ia tion  along the beam axis, 
then th is  s im p lif ic a tio n  occurs.
3 -3 .4  A na lys is  in  te rm s  of the population param eters of the gam m a-ray 
em itting  state
The analysis of the angular co rre la tio ns  of gam m a-rays in  
te rm s  of the population param eters  of the gam m a-ray em itting  state was f i r s t  
suggested by W arburton and Rose (Wa58). Th is method is  in  con trast to  p ro ­
cedures (see, fo r  example, re f.  Fe62) in  which the angular co rre la tio n s  are 
analyzed in  te rm s  of the pa ram ete rs  of the fo rm ation  process.
I t  is  shown by Rose and B r in k  (Ro57) that the angular d is t r i ­
bution of gamma rays  fro m  an ensemble of nuclear states, aligned w ith  respect 
to an axis of sym m etry , which decay fro m  a state w ith  angular m omentum  J
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to a final state with angular momentum J , is given by
w < v  = =  Bk <J 1> Qk p k (cos e l )
[ \  ( L L JXJ2) + 2 S iy L L ’ Jj J2 ) + 5 2 Rk(L'L’ J ^  )
3.25
1 + 6
In the above equation 0^  is the angle between the direction of emission of the 
gamma rays and the axis of alignment, P^(cos 0  ^ ) is a Legendre polynomial,
Q is an angular correlation attenuation coefficient (Ro53), k takes even values 
from 0 to 2 J , and 6 is the multipole amplitude mixing ratio defined in section 
3-3.1; account is taken only of the two lowest allowed multipolarities L, LT in 
the transition, where L, L’ satisfy
J1 “ J2 I — L* L’ — J1 + J2
L, L’ ^ 0
The coefficient B (J ) is given by
Jr Mi i/2
Bk(Jl  ) = s  P(M1 > < - (2 J + 1) (J1J1M1 - M1 I k 0 ) ,
M1 3.26
where the P(M^) are the population parameters for the 2 J^+ 1 substates 
associated with , usually normalised so that
2  P (M ) = 1 . 3.27
From the properties of Clebsch-Gordon coefficients, eq.(3.26) implies
B. (J-. ) = 0 for k odd. 3.28k 1
In physical terms, this results from the symmetry of the reacting system with 
respect to reflections in the plane normal to the beam direction.
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The coefficient R^(LL’ ) is  given by
^(LL' J1J2)=(-) 1  +  J r J 2  +  L ’ " L " k I  (2J1 + 1) (2 L + 1) (2 L» + 1) }
1 / 2
x ( L L ' l - l  | k O ) W ( J  J LL'  ; k J  ) 3.29
I I Ci
where W (J J L L ’ ; k J ) is  a Racah coefficient.
1  C l
2
The (1 + <5 ) factor in the denominator of eq. (3.25) is  present
only to norm alise the coefficient of P ^ co s  0 ) to unity.
The angular distribution of the second member of a cascade,
J —> J —> J , the first member being unobserved, is  given by
J- Ci ö
W(02 ) = S  Bk (J l) Qk Pk (cos 02 ) x 
k
{  \  <L2L2J2J3 > + 2 6 2 W 2’ J2J3 > + 6 2 W V  J2J3 > }  X
I T T ?
{ Uk<Ll J l J2 ) + 6 l  Uk <Ll ' J l  J2> ) 3.30
1 + 6
where Uk (1^, J1 , )  = W(J1 J1 J2 J2 ; k L1 )
W(J1 J 1 J2 J 2 ; ° L1 >
3.31
There are no interference term s between different multipoles for the first trans­
action, since it is  not observed.
3 -3 .5  Alignment by detection of the emitted particle on the beam axis
In the angular correlation method generally known as Method II 
of Litherland and Ferguson (Li61), the gamma-ray emitting state Y* is  created 
in a reaction of the type X(h^ , h ) Y* , where X is  the target nucleus, h^  is  
the projectile and h  ^ is  the emitted particle. The particle h  ^ is  detected at 0°
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o r 180° to the beam  direction so that, as d iscussed  in section 3 -3 .2 , the  axial 
sym m etry  about the beam  direction  is  not destroyed. In addition the axial 
detection of h ensures that th e re  is  no projection of orb ital angular m om ent- 
urn on the beam  axis, so that angular momentum conservation im plies that 
the only m agnetic substat es M of Y* which can be populated a re  those which 
sa tisfy
== J  + s_ + s.
X h  h 2
3.32
In th is  way a strongly aligned ensem ble of nuclei Y* may be produced. F or
exam ple, an ( a  ,p) reaction  on a spin zero  ta rg e t populates only the M =
+ 3-  1 /2 su b sta tes, while a ( He,p) reaction  on a spin 1/2 ta rg e t populates 
+ +
only the M = -  1/2 and M = -  3 /2  substa tes. In the fo rm er case  the only un­
known p a ra m e te rs  in eq„(3. 25) for the angular d istribution  of rad iation  from  
the aligned nucleus a re  J  , and 6 . In the la tte r  case they a re  
P ( -3/2) /  P( -  1/2) , , J 2 and 6 .
C learly  in any p rac tica l case a finite size  of p a rtic le  de tec to r 
m ust be used, and so higher m agnetic substates a re  populated. The amount 
of population of the higher substa tes can only be calculated if the proportions 
of various outgoing orb ital angular momenta of the p a rtic le  h a re  known.
The fact that, in the work repo rted  h e re , m easurem ents w ere always taken 
at o r n ear peaks in the excitation functions m akes it le ss  likely, on p en e tra ­
b ility  grounds, that th e re  is  m uch contribution to the c ro ss-sec tio n  from  
la rg e  outgoing orb ital angular m om enta.
The appropria te  expression  for the efficiency m atrix , in an 
angular momentum rep resen ta tion , fo r an annular counter can be obtained 
from  eq. 27 of re f. (Li61), with 0 , the counter half-angle, such tha t 0<<1 :
i X |  « 11 'A'
(21 + 1)1/2  (2 V  + 1)1/2 tf + IA I) ! U + I AI ) I
1/2
22 lAi + X(|A| ! ) 2 (| A] + ! ) [ < ! -  |A|)t ( ! '  -| A | ) ! '
1/2
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2 IAI +2 2 I A| +2
x ( e 2 -  6j  ) 5 x r  3 - 33
w here ji , i  1 a re  outgoing o rb ital angular m om enta, A., A1 a re  corresponding 
m agnetic quantum num bers, and 0 , 0 a re  the angles subtended by the
J L  u
inner and outer edges of the counter.
In o rd e r to obtain a reasonab le  estim ate  of the amount of 
population of higher su b sta tes, consider the case of l  =1 ’= 2, 0 = 15° and 
0 = 9  (the annular counter geom etry used in the p resen t work). Then using 
the above equation,
s i  i  I c  I a * i  >
1 1  > = 7% 3.34
< 1 0  |c \ l  ’ 0>
F or an ( o^p) reac tio n  on a spin zero  ta rg e t, the possib le values of the m ag­
netic  quantum num ber M of the final nucleus re su lt from  the coupling of A 
with the spin of the proton. Due to the reflec tion  sym m etry  in the plane
norm al to the beam , A = 1 and s = 1/2 a re  as likely to couple to M =proton
- 1/2 a t M = -  3 /2 . T herefo re  a 7% contribution from  A = 1 im plies that 
the population of the M = -  3 /2  substa tes is  3.5% of the to tal population. It 
was th e re fo re  considered  that in the p re sen t investigation it  was desirab le  
to investigate the effect on the analysis  of up to 5% population of the M = - 3 /2  
sub s ta te s .
The half-ang le  of divergence of the beam  used in the p resen t 
experim ents is  le s s  than 0. 2° and so, as has been discussed  by Litherland 
(Li64), its  effect on the population of higher m agnetic substates is  much 
le s s  than the effect of the finite s ize  of the p a rtic le  de tec to r, and is  therefo re  
negligible.
It is  to be noted tha t th e re  a re  no angular correla tion  attenua­
tion coefficients Q req u ired  in eq. (3. 25) to allow for the finite size of the
1C
p a rtic le  detecto r; the detec to r se rv es  only to selec t strongly aligned sta tes  
of the res id u al nucleus and i t  does not define a d irection  re la tiv e  to which
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the angular d istribution  is  m easured . The angle 0 in eq. (3.25) is  the angle 
between the d irection  of em ission of the gam m a-ray  and the beam  direction, 
not the p a rtic le  detector d irection .
Some of the angular correla tion  m easurem ents reported  in 
th is chapter w ere perform ed using the double-focussing m agnetic spec tro ­
m e te r as p a rtic le  detector a t 0° . The acceptance ap ertu re  of the spec tro ­
m e te r is  rec tangu lar, with a 6. 5° vertica l half angle and a 2° horizontal half­
angle, and so is  not axially sym m etric . T herefore  off-diagonal elem ents of 
the density  m a trix  a re  non-zero . However, in connection with axial asym m et­
r ie s  resu lting  from  accidental m isalignm ent of the p a rtic le  de tec to r, L itherland 
has pointed out (Li64) that a sm all m isalignm ent in the v e rtica l plane only does 
not affect an angular co rre la tion  m easured  in the horizontal plane. The 
acceptance ap ertu re  of the sp ec trom eter m ay be regarded  as consisting of 
a square  ap ertu re  (2° horizontal half-angle and 2° ve rtica l half angle) on the 
beam  axis, with approxim ately square  (2° horizontal half-angle and 2 .25° 
v e rtica l half-angle) ap ertu re s  m isaligned in the ve rtica l plane above and below 
the ap ertu re  which is  on the beam  axis. T herefore  e r ro r s  introduced by th is 
lack of axial sym m etry  w ere assum ed to be negligible.
3-4 EXPERIMENTAL PROCEDURE
Since the experim ental work extended over a period of about 
a y ear, considerable im provem ents in equipment and technique took place 
during the course of the investigation. The experim ental p rocedure for the 
work on the 3. 00 MeV level, which was done f ir s t ,  w ill be described  fully and 
only significant variations in p rocedure  for investigation of the other levels 
w ill be given.
3 -4 .1  The 3. 00 MeV level
. 2 24
A target consisting of approximately 40jLtgm/cm of Mg,
enriched to 99. 96%, deposited on a thin carbon backing, was bom barded with 
4 I I
He ions of 9. 025 MeV, an energy at which a peak had been found in the
73 .
excitation function for population of the 3. 00 MeV level via the 24M g (a ,p )27Al 
reaction . The beam , usually about 100 nA , was focussed onto the ta rg e t 
through tantalum  co llim ators with c ircu la r ap ertu re s  of d iam eter 1 /8 and 
1/16 of an inch, a t d istances of 145 and 30 cm respective ly  from  the ta rg e t. 
The pro tons w ere detected at the focal plane of the double-focussing sp ec tro ­
m e te r by a su rfa c e -b a rr ie r  diode detecto r behind a 6 .5  mm s lit. A 15 mg 
cm 2 alum inium  abso rber prevented any a -p a r tic le s  from  reaching the 
detec to r.
In o rder to in c rease  the ra te  of data accum ulation, coincidence 
sp ec tra  w ere obtained from  two 12. 7 cm x 10. 2 cm Nal (Tl) c ry s ta ls  s im ul­
taneously, each mounted 20 cm from  the ta rg e t and at the sam e angle on 
each side of the beam  line, so that any in stab ilities  in e ither system  would 
quickly be detected. Gain changes of up to a facto r of ten w ere produced by 
the fringing field of the spec trom eter when the Nal(Tl) c ry s ta ls  w ere mounted 
at forw ard  angles; therefo re  a ll data was taken in the backward quadrant. 
Provided that the gam m a-ray  em itting s ta te  has w ell-defined parity , gam m a- 
ray  angular d istributions a re  sym m etric  about 90° , and so th is  is  not an 
im portan t lim itation.
The gain of one of the photom ultip liers was sensitive  to count
ra te  and so a Spectrastat* stab ilisa tion  unit was employed, using the 1.37
24 24MeV gamma ray  from  M g(a, a ' y  ) Mg as a re fe ren ce . The other 
c ry s ta l, which was extrem ely stab le, could be used without any stab ilisa tion  
system . It was employed for a ll the work to be described  la te r , in which 
only one c ry sta l was used.
The gains of the gam m a-ray  detection system s w ere checked
approxim ately every hour by noting the position of a prom inent peak in the
24sing les spectrum . In th is case the 1.37 MeV gam m a-ray  from  M g (a ,a ’ V) 
24Mg reaction  was used.
* P urchased  from  Cosmic Radiation Labs. Inc.
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To check for anisotropies in the experimental arrangement, 
a Th B source was mounted on a standard target frame at the centre of the 
target chamber. After correction for decay of the source, the count rate of 
2.61 MeV gamma rays was found to be independent of angle to within 1%.
A block diagram of the electronics used in the experiment is 
shown in fig. 3.3. Both proton and gamma-ray pulses were amplified by 
ORTEC 410 linear amplifiers which gave double-delay line clipped output 
pulses. Timing information was obtained from the zero cross-over points 
using ORTEC 420 timing single-channel analyzers, which also set upper and 
lower level cut-offs on the spectra. The lower level cut-off on the gamma- 
ray spectra was set just below the 0.51 MeV annihilation peak. The output 
pulses from the 420 units were examined for time coincidence by an ORTEC 
414A coincidence unit, with resolving time (2 T ) set at 140 nsec. The 
resolving time potentiometer indicated 110 n sec, but this was found to be 
in e rro r, although still within specifications. The ratio of random to real 
coincidences ( <10%) was obtained from a time to pulse-height converter, 
which was started by output pulses from the proton 420 and stopped by output 
pulses from the gamma-ray 420. The position of the peak due to true coinci­
dences in the time to pulse-height spectrum was checked approximately every 
hour; any shift would indicate a change in delay in part of the system, result­
ing in a loss in coincidences by the 414A coincidence unit. Output pulses 
from the 414A opened an ORTEC 409 linear gate which then allowed gamma- 
ray pulses in coincidence with protons to pass on to the R. C. L. multi-channel 
analyzer. Correct functioning of the linear gate was checked by feeding the 
output pulses from the 414A coincidence unit into a scalar and comparing the 
number of counts in the scalar with the number in the analyzer. A proton 
singles spectrum gated by the proton 420 output pulses was fed into an 
R. I. D. L. multi-channel analyzer. This spectrum was examined approxim­
ately every hour to check for gain shifts and shifts in the upper and lower level 
cut-offs in the proton spectrum. The output pulses from the proton 420 were
Fig, 3,3 A block diagram of the electronics used for 
the study of the 3,00 MeV level of ^Al.
109 charge sensitive pre-amplifier for signals from 
the diode at the spectrometer focal plane,
113 voltage-sensitive pre-amplifier for signals from 
the Nal(Tl) crystal.
410 linear amplifier, double delay line clipped 
output pulses.
420 timing single channel analyzer, positive 5 volt 
output pulses to 414A coincidence unit, negative 
0.6 volt output pulses to 437 time to amplitude 
converter.
414A coincidence unit, positive 5 volt pulses to 409 
linear gate.
437 time to amplitude converter.
409 linear gate, positive portion of linear input 
pulse is passed to pulse height analyzer.
PHA pulse height analyzer.
D delay
S scaler
The gamma ray coincidence spectrum and proton window 
spectrum are collected in the left and right hand 
pulse-height analyzers respectively. The third 
analyzer collects the time-to-pulse height spectrum.
By adding appropriate units to the simplified 
arrangement shown opposite, data were accumulated 
from two Nal(Tl) crystals simultaneously.
gamma proton
pulses pulses
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fed into a sca la r  (som etim es two, for safety), and the num ber of counts in the 
sca la r  used to no rm alise  the gam m a-ray  sp ec tra  obtained at each angle. This 
method assum es that the ra tio  of peak to background counts in the proton 
window rem ains constant. This was checked periodically .
3 -4 .2  The 3 ,6 8 , 3. 96 and 4. 05 MeV levels
Because of the low c ro ss-sec tio n  for the population of the seventh 
24 27to ninth excited s ta tes  via the Mg(o;,p) A1 reaction , these levels w ere 
studied using an annular counter a t 180° to the beam  direction  as proton detec t­
o r. The beam  energy used was 13. 045 MeV.
The experim ental a rrangem ent for the annular counter experim ents 
is  shown in fig. 3 .4 . The ta rg e t cham ber is  the one described  in section 3 -2 .3 , 
designed for use  with the double focussing sp ec tro m ete r at 0°. The sp ec tro ­
m e te r is  detached from  the cham ber and ro ta ted  away from  0°. The cham ber 
is ro ta ted  through 180° and the annular counter assem bly is  mounted in the 
pipe which is  used to connect the cham ber to the spec trom eter and the beam  
dump is  mounted on the pipe through which the beam  en ters the cham ber when 
the sp ec trom eter is  in use. The fron t su rface  of the counter was only 0. 95 
inch from  the ta rg e t and detected protons em itted at angles between 165° and 
171° to the beam  axis, giving an acceptance solid angle of 130 m sr. V arious 
d e tec to rs  w ere used during the experim ent, varying in thickness between 
300 ju and 1000 ß.  Initially the tantalum  pipe through the counters was only 
supported by the counter disc; the counter holes w ere not quite c ircu la r , so 
that the pipe could be ro tated  in the hole until a tight fit was obtained. The 
method was unsatisfacto ry  for th re e  reaso n s. During insertion  of the pipe 
insulating m ate ria l m ight be sc raped  from  the circum ference of the hole.
The tight fit of the pipe in the hole, resu lting  in good therm al contact, had 
the effect of allowing some of the heat from  the beam  to reach  the detector 
m ate ria l; a r is e  in leakage c u rre n t was som etim es observed when beam  was 
passed  through the pipe. Thirdly, i t  was considered that since the pipe did 
not quite reach  the collim ator behind the counter, som e beam  m ight reach
Fig. 3.4 The target chamber arrangement for measurement 
of angular correlations using an annular counter.
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the back su rface  of the counter d isc, ra is in g  the possib ility  of rad ia tio n  
dam age. One of the detec to rs did show sym ptom s of leakage between front 
and back su rfaces , and /o r rad iation  dam age, afte r only a sm all amount of 
use.
The system  shown in fig. 3 .4  was th e re fo re  adopted. The pipe 
w as clam ped to the collim ator behind the counter by m eans of a tantalum  
nut on the upstream  side and a ra ised  shoulder on the pipe on the down­
s tream  side. Adhesiv e tape was wrapped round the pipe to reduce the 
the rm al contact between it and the counter m a te ria l. The leakage cu rren t 
of the d e tec to rs  was then found to be unaffected by the p resence  of beam , and 
no m ore  detec to r deaths have occurred .
An annular foil is  mounted in front of the detector to absorb  
alpha p a rtic le s  backscattered  from  the ta rg e t. B ack -scatte red  alpha 
p a rtic le s  from  the ta rg e t ladder and from  the back wall of the cham ber, 
which a re  made of s tee l, a re  of higher energy than those from  the m agnesium  
in the ta rg e t. T herefore  the w alls of the ta rg e t cham ber w ere lined with 
polythene sheet, and a polythene screen  was mounted on the ta rg e t ladder.
The screen  se rv es  two purposes: it  shields the s tee l ta rg e t ladder from  
the beam  and it p reven ts p a rtic le s  from  the back wall of the cham ber from  
reaching  the counter, except the sm all num ber which come back through the 
ta rg e t. T herefore  the absorbing foil in front of the counter was only requ ired  
to stop alpha p a rtic le s  of energy le ss  than or equal to the energy of those 
b ackscatte red  from  m agnesium .
It can be shown, using the usual equation for the energy lo ss  of 
charged p a rtic le s  in m a tte r, that the energy loss of protons passing  through 
an ab so rb er which is  sufficient to stop a given energy of alpha p a rtic le , 
in c re a se s  with the atomic num ber of the ab so rb er, the difference between 
hydrogen and nickel being about 20%, and between hydrogen and alum inium  
10%. T herefo re  in o rd er to m inim ise the contribution to the experim ental 
reso lu tion  from  straggling of the pro tons passing  through the ab so rb er,
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mylar (C H CM was used in most of the runs, although aluminium was used 1.0 o 4
on sev e ra l occasions. V arious th icknesses between 0. 0010 and 0.0015 inch 
w ere used , thick enough to stop low energy elec trons from  the ta rg e t.
The e lec tron ics used for the annular counter work differed in 
som e re sp e c ts  from  that used for the study of the 3. 00 MeV level (section 
3 -4 .1 ) .  It was found that optimum resolu tion  was obtained from  the annular 
counter system  when the 410 lin ea r am plifier was se t to give double RC clipped 
pu lses with a tim e constant of 1 or 2 /nsec in each differentiation, and with 
1 o r 2 /nsec in tegration. The proton pu lses w ere also  fed to a 410 lin ea r 
am plifier operating in double delay-line mode and tim ing inform ation obtained 
as before. Only one Nal(Tl) c ry s ta l was used for gam m a-ray  detection.
G am m a-ray  and proton pu lses w ere passed  through 409 lin ea r 
ga tes, opened by output pu lses from  the 414A coincidence unit, to a  dual 
p a ram e te r analysis system  consisting of two Intertechnique CA13 ADC’s 
in terfaced  to an I. B. M. 1800 com puter which sto red  the proton spectrum  in 
32 channels and the gam m a -ra y  spectrum  in 128 channels. In th is way the 
co rre la tio n s  of the 3. 67, 3. 96 and 4 .05  MeV levels w ere m easured sim ul­
taneously* The num ber of coincidence counts a t each angle was norm alised  
to the to ta l proton counts in a window containing the group of levels under 
investigation. This procedure is  only valid if the re la tiv e  populations of the 
levels  rem ain s  constant during the m easurem ent. When the beam  energy was 
changed by -  10 keV, no change in the re la tiv e  populations of the levels  was
observed. This is  presum ably  due a t le a s t in p a r t to the th ickness of the
-2ta rg e ts  used, approxim ately 100 /ugm cm , which corresponds to approxi­
m ately  40 keV energy loss for the incident beam , so that any fine s tru c tu re  in 
the excitation functions would be sm eared  out.
3 -4 .3  The 4.58 MeV level
The equipment and experim ental p rocedure for the m easurem ent 
of angular co rre la tions for the 4 .58  MeV level w ere the sam e as for the 3. 00 
MeV level (section 3 -4 .1 ) except that a 5 cm x 6 mm position -sensitive  solid
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sta te  detecto r with a depletion depth of 600/i was used at the focal plane of the
sp ec trom eter. Tim ing inform ation was derived from  the double delay line
clipped energy signal from  the detec to r. The position signals w ere not used
2due to th e ir g re a te r  tim e spread . With a ta rg e t thickness of 100 jugm /cm ”, 
the spec trom eter was able to com pletely reso lve  the 4. 58 MeV level from  the 
neighbouring levels. The bom barding energy used was 9 .00 MeV.
3-5 RESULTS
3 -5 .1  The 3. 00MeV level
Coincidence gam m a-ray  sp ec tra  w ere obtained at 157.5°,
152.5°, 135°, 110° and 90° to the beam  d irec tio n . The 90° spectrum  is  
shown in fig. 3 .5 . The solid line drawn through the data points is  a le a s t-  
squares lineshape fit to the data, the random s spectrum  having been included 
as a lineshape. A typical proton spectrum  showing the 2. 98 and 3. 00 MeV 
levels is  shown in fig. 3 .6 , and a gam m a -r a y  singles spectrum , used for 
random s subtraction, is  shown in fig. 3 .15 .
Angular co rre la tio n s  fo r the 3. 00 MeV and 0. 79 MeV gam m a 
ray s  w ere ex tracted  from  the sp ec tra  using the lineshape analysis p rog ram  
described  in the appendix. Data from  both the Nal(Tl) c ry s ta ls  was combined 
before the lineshape analysis, th e re  being no significant difference between 
the lineshapes fo r the two c ry s ta ls . Due to the uncom plicated na tu re  of the 
sp ec tra  i t  was a lso  possib le to m anually ex tract the angular co rre la tion  of 
the 3. 00 MeV and 0. 79 MeV gam m a, ray s  by summing over suitable reg ions 
of the sp ec tra  and making a reasonab le  background co rrection . S tric tly  speak­
ing, the angular co rre la tion  attenuation coefficients Q have d ifferent values 
depending on what p a rt of the lineshape is  used in extracting the co rre la tion  
(Ya65), but for the geom etry used  h e re  the effect is  not expected to be signifi­
cant. In any case, good agreem ent was obtained between the m anual and line- 
shape analyses.
The angular co rre la tio n  data for the 3. 00 MeV gamma ra y  a re  
shown in fig. 3 .7 , together with b est fits fo r various possib le  spin a ss ig n -
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E„ = 9 0 0  MeV 
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27Fig. 3 .6  A proton spectrum  fo r the 3 MeV doublet of A1 taken with a single 
solid state  detecto r behind a 1 .6  m m  s lit a t the focal plane of the m agnetic 
sp ec trom eter. F or coincident detection of gamma ray s  the s lit was 
widened to 6. 5 mm . This width defines the window (indicated by dashed 
lines) round the 3 .00  MeV group.
m en ts, using eq. 3 .25 . The e r ro r  b a rs  a re  la rge ly  s ta tis tic a l. The lower p a rt
2
of the figure shows plots of x v e rsu s  the am plitude mixing ra tio  <5 for the spins
2
considered . The values of x have been norm alised  by dividing the weighted
sum  of the squares of the re s id u a ls  by (M -  N), w here M is  the num ber of angles
a t which data was taken and N is  the num ber of f re e  p a ra m e te rs . Since the only
fre e  p a ram ete r is  the overall norm alisation  constant for the angular d istribution,
2
N = 1 for the p re sen t situation. The values of x corresponding to the various 
confidence lim its  w ere obtained from  re f . (Ni59). The com puter p rog ram  used 
to analyze the co rre la tions does not include the effect of Legendre polynom ials 
of o rd e r  g rea te r than 4, so tha t for J  = 9 /2 the fit for 6 = M 3/E2 ¥  0 was not 
investigated . The effect of the finite solid angle of the p a rtic le  detector was
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Fig. 3.7 Top' angular distribution for the ground state
27transition from the 3.00 MeV level of Al. The curves
are least squares fits for the spins shown and
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9Fig. 3.8 Angular distribution data and x plot for the 
transition from the 3.00 MeV level to the 2.21 MeV 
level in ^Al. The effect of setting 
P(3/2) = 0.05 P(l/2) was negligible.
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investigated by setting P( - 3/2) = 0.05 P ( - 1/2) and repeating the fitting pro» 
cedure.
The 3.00 MeV to 0 correlation could only be fitted within the 
0.1% confidence limits for J(3.00) = 9/2 with 6 = M3/E2 = 0 and for J(3, 00 ) = 
5/2 with - 2. 00 < 6( = E2/M1) < - 1. 07.
The angular correlation data for the 3. 00 to 2.21 MeV transition 
is shown in fig. 3.8. The results obtained by fitting eq. 3.25 to the e^qreri- 
mental data are shown in the lower part of the diagram. The 2. 21 MeV level 
was assumed to have J = 7/2 (En67). Good fits were obtained for J = 3/2,
5/2, 7/2 and 9/2. The fits for J = 5/2 and J = 9/2, the spin values allowed 
by the 3. 00 to 0 correlation, are shown. For J = 9/2, the data could be fitted 
within the 0.1% confidence limit for | <5 | < 0.1 and for J = 5/2 with - 0. 29 <
6 < 0. 03 or <5 < - 8.1 or <5 > 6.3.
It might have been possible to extract from the data the angular 
correlation for the 2.21 to 0 transition, but a prior calculation showed that 
it would not distinguish between J = 9/2 and J = 5/2 for the 3.00 MeV level.
The angular correlation data for the 3, 00 and 0. 79 MeV 
transitions were used to obtain the relative intensities of the two decay
"f*
branches of the 3. 00 MeV level. It was found that the level decays (90 -  3)% 
to the ground state and (10 - 3)% to the 2.21 MeV state. These branching 
ratios are obtained from data at all five angles and so angular distribution 
effects are allowed for .
3-5.2 The 3.68 MeV level
The annular counter system was able to completely resolve the 
group from the 3. 68 MeV level (see fig. 3.9). However there is quite a 
significant background, at least some of which arises from the low-energy 
tails of the groups comprising the 3 MeV doublet, which was populated more 
than twenty times as strongly as all the higher levels studied. A spectrum 
of gamma-rays in coincidence with protons, obtained using the appropriate 
window in the spectrum of fig. 3.9, is shown in fig. 3.10. It is well known
siNnoo
F ig , 3o9 A nnular cou n ter  spectrum  
to  th e  3 .6 8 j  3 .9 6  and 4 .0 5  MeV
o f  p ro ton s corresp on d in g  
l e v e l s  o f  ^ A l e
Fig. 3.10 Coincidence gamma-ray spectra for levels of 
^A1 populated via the reaction ^\[g(a ,py)^Al.
The spectra of (a) and (b) were obtained using the 
windows indicated in fig. 3.9; the 4.38 MeV level 
spectrum of (c) was obtained by detecting the 
corresponding proton group at the focal plane of 
the magnetic spectrometer.
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?Fig. 3.11 Angular correlation results and x analysis for 
the gamma-ray transition between the 3.68 and 0.84 MeV 
levels of ^Al.
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2Fig. 3.12 Angular correlation results and x analysis for 
the gamma-ray transition between the 3.68 and 1.01 MeV 
levels of ^Al.
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(Sm68, E168, En67) that the 3 .68  MeV level decays predom inantly to the 0. 84 
and 1.01 MeV levels, e. g. E llio tt et al. find (E168) branches of 64% and 36% 
to the 0. 84 and 1.01 MeV levels, respective ly . It was found possib le  to
7T +
m easu re  co rre la tions for the 2. 84 MeV tran sitio n  to the 0. 84 MeV, J = 1/2 
level and for the 2.67 MeV transition  to the 1. 01 MeV, J,ir = 3 /2 4 level. 
S tatistical e r r o r s  for these m easurem ents w ere sufficiently sm all tha t e r ro r s  
from  other so u rces, e. g. extraction of proton singles counts and possib le  
an iso tropies in the experim ental a rrangem ent, becam e significant and w ere 
included in assigning the overall e r ro r s  depicted in fig. 3 .11  and 3 .12 .
Taken together the re su lts  (table 3 .2) indicate that the spin of the 3. 68 MeV 
level is  1/2 or 3 /2 .
3 -5 .3  The 3. 96 MeV level
The annular counter system  was unable to reso lve  the proton 
group from  this level and the group from  the 4. 05 MeV level (see fig. 3 .9 ) .
A spectrum  of gam m a ray s  in coincidence with pro tons, obtained using a 
window set round both groups, a s  in fig. 3 .9 , is  shown in fig. 3 .10 . T here  
is  considerable d isagreem ent as to the decay schem e of the 3. 96 MeV level; 
the various re su lts  a re  sum m arised  by E lliott et a l. (E168). However the 
m ajor decay mode is  certain ly  to the ground s ta te . According to E llio tt 
et a l . , the level a lso  has decay branches through the 0. 84 and 2. 73 MeV 
levels, the la tte r  branch giving r is e  to gam m a-rays of 2. 73, 1. 72 and 
1. 01 MeV. The gamma ray s  of 3. 0 and 2. 2 MeV p re sen t in the spectrum  a re  
thought to re su lt from  contamination of the proton spectrum  by the ta ils  of 
the groups from  the 2. 98 and 3 .00  MeV levels (see section 3 -5 .2 ). The 3. 96 
and 4. 05 MeV levels  being weakly populated com pared to the 3 .68  MeV level, 
the contam inant gam m a ray s  a re  m ore  obvious in the p resen t data than in 
the data for the 3. 68 MeV level. The angular co rre la tion  was ex tracted  for 
the 3. 96 MeV ground sta te  transition ; the co rre la tion  was found to be iso ­
tropic within the experim ental e r ro r s  (see fig. 3 .13) and to be consisten t 
with J  = 1 /2 , 3 /2 , 5 /2  o r 7 /2 , as shown in table 3 .2 .
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9Fig. 3.13 Angular correlation results and x analysis for 
the gamma-ray transition between the 3.96 and 0.00 MeV 
levels of "^Al.
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3 -5 .4  The 4. 05 MeV level
A spectrum  of gamma ray s  in coincidence with p ro tons, obtained
using a window set round the unresolved 3. 96 and 4. 05 MeV lev e ls , as in
fig. 3. 9, is  shown in fig. 3 .10 . There is  general agreem ent as to the decay
schem e of the 4. 05 MeV level (Sm68, E168, En67). According to E llio tt et
a l. (E168) there  is  an 89% 3, 21 MeV transition  to the 0. 84 MeV level and
an 11% 3 .04  MeV transition  to the 1. 01 MeV level. The co rre la tion  for the
3. 21 MeV transition  was m easured. The angular co rre la tion  data and the 
2
re su lts  of the x analysis a re  shown in fig. 3 .14. It can be concluded that 
the data a re  consistent only with J  = 1/2 or J  = 3 /2  fo r the 4. 05 MeV level 
(see tab le  3 .2 ).
3 -  5 .5  The 4. 58 MeV level
In fig. 3 .10 is  shown a spectrum  of gam m a-rays in coincidence 
with protons populating the 4.58 MeV level. The sp ec tra  obtained a t five 
angles in the co rre la tion  m easurem ent have been sum m ed to give the spec trum  
shown. The use of the m agnetic spec trom eter to detect the p a rtic le  group 
associated  with th is level provides sufficiently high reso lu tion  to ensure  that 
the coincident gam m a-ray  spectrum  contains no contributions from  neigh­
bouring levels. Thus the p resen t data may be used to determ ine branching 
ra tio s  for the level. The re su lts  a re  given in table 3 .1 ; since they a re  
obtained using data from  all five angles, angular d istribution  effects a re  allow ­
ed fo r. The upper lim its  fo r streng ths of possib le weak tran sitio n s  w ere 
obtained in the m anner described  by E lliott et al. (E168) and also  in section
4 -  2 of th is thesis. The e r ro rs  indicated a re  those inheren t in the lineshape
analysis . The gam m a-ray  singles spectrum  used fo r random s sub traction  is
shown in fig. 3 .15 . Also lis ted  in table 3 .1  a re  o ther m easurem ents of th is
decay schem e. The p resen t data a re  in good agreem ent with those of E llio tt
27 27et a l . (E168), obtained using the A l(p,p’) Al reaction; th e ir  re s u lts  do 
not allow for angular d istribution effects. Both m easurem ents indicate, in 
contradiction to the re su lts  of Sm ulders et al. (Sm68) a definite tran s itio n  to
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the 2. 73 MeV level and a probable transition to the 1. 01 MeV level.
Table 3.1 Gamma-ray Decay Scheme of the 4. 58 MeV Level of A127
Ref. Branchings (%) to Final States (E in MeV)X
0 0.84 1.01 2.21 2. 73 2. 98 3.00 3.68 3.96 4. 05
Present work 72-2 < 1 -4-2 “f4 , 16-2-4 8-2 <2 <2 <2 <2 <1
Elliott et al. 
(E168) 79-2 <2 3-3 11-2
+6-2 <3 <3 <2 i i i <2
Smulders et
al. (Sm68) 79 21
The angular correlation of the ground-state transition was meas­
ured, and is shown in fig. 3.16. Attempts to extract from the data the correl­
ations of the 2. 21 and 2.37 MeV gamma rays were unsuccessful, since reliable 
extraction of their relative intensities is not possible because the fitting pro­
cedure for gamma-rays so close together in energy is very sensitive to statistical 
limitations of the data and to small errors in the energy calibration of the spec­
trum. A prior calculation showed that the angular correlation of the two gamma 
rays together would not restrict the possible spins of the 4. 58 MeV level any 
further than the correlation of the ground state transition, which excludes a 
J = 9/2 assignment as shown in fig. 3.16, but allows all values J < 9/2.
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3-6 DISCUSSION o f  r e s u l t s  
3 -6 .1  The 3.00 MeV level
For both of the measured correlations the mixing ratios obtained 
for J = 9/2 are in agreement with the results of Lawergren (La64) and Sheppard 
and van der Leun (Sh67). The present work contradicts the J = 7/2 assignment 
of Wakatsuki and Kern (Wa65), but does not exclude the J = 5 /2  assignment of 
Gove et al. (Go67, Go67a). However this assignment has recently been with­
drawn (Go68). Additional evidence against the J = 7/2 assignment has recently  
been reported by Smulders et al. (Sm68); the mixing ratio obtained by Wakat­
suki et al. for the 3 .00  to 2. 21 MeV transition, when taken in conjunction with 
the measured lifetim e (Sm68) and the branching ratio for the 3. 00 MeV level, 
im plies an E2 enhancement of >370 Wu. The lifetim e measurement also rules 
out the 6 < - 8 . 1  and > 6 . 3  mixing ratio possib ilities found for the 3. 00 MeV 
to 2. 21 MeV transition in the present work, since they imply an E2 enhance­
ment of about 1000 Wu. Hausser et al. (Ha68) have recently excluded J = 7/2  
on the basis of a 2. 5% confidence lim it (as compared to a < 0.1% confidence
lim it in the present work and in the work of Sheppard and van der Leun (Sh67)).
24 27
The branching ratios extracted from the M g(ospy) Al 
correlation data are compared in table 3 .3  with those obtained using (p,p’) 
and (p,y ) reactions. The close agreement im plies that, if the 3. 00 MeV level
27Table 3 .3  Branching Ratios of 3. 00 MeV level of Al
Reaction Branching (%)
Reference3. 00 - >  0 3.00 - >  2.21
27Al(p,p’) 8 4 - 6 1 6 - 6 (La64)
27
Al(p, pf) 9 3 - 4 7- 4 (E168)
26Mg(p, y) 9 1 - 3 9 - 3 (Sh67)
24
Mg(o;, p) 9 0 - 3 1 0 - 3 Present work
8 6 .
is  in  fac t a doublet then e ither the two m em bers are  populated in  the same 
ra tio  in  each reaction or they have a lm ost iden tica l decay schemes. Now that
T f  -4"
the J = 3 /2  o r 5 /2  assignment fo r  the leve l has been w ithdraw n (Go68),
there  is  no evidence to suggest that the level is  a doublet.
I t  can be concluded that there  is  only one state at 3. 00 MeV 
27
exc ita tion  in  A l, and i t  has J = 9/2.
The im p lica tions  fo r the various nuclear models o f a J = 9/2 
spin assignm ent fo r  the leve l have been discussed in  section 3-1 . In  addition 
we can now, knowing both the branching and m ix ing  ra tio s  fo r  tra n s itio n s  
fro m  the 3. 00 MeV leve l, com pare the experim enta l data w ith  the p red ic tion  
(eq. 1.13) of the ro ta tiona l model
o
B(E2 : 9/2 7/2) = 2 K (2 I  -  1 )
B(E2 : 9/2 5/2) (I + 1)(I -  1 + K )(I -  1 -  K)
The experim enta l value is  less than 0. 27 (using the 0.1% l im i t  on the m ix ing
ra tio  o f the 9 /2  —^  7 /2  tran s ition ), so that the agreement is  ra th e r poor.
The value obtained experim enta lly  fo r  the m ix ing  ra tio  of the
3.00 to 2. 21 M eV tra n s it io n  may be substituted in  eq. 1. 22 in  o rde r to
obtain the value of (g -  g ) fo r  the ground state ro ta tiona l band, where
g , g a re  the g -fa c to rs  fo r the odd nucleon and fo r  the co lle c tive  m otion 
K. R 2
respec tive ly . The value obtained is  (g -  g ) ^ 0 .5 1 ,  using the 0.1% l im it
on the m ix in g  ra tio . This value should be consistent w ith  that obtained by
in se rtin g  the experim enta l value of 3. 64 n. m. fo r the ground-state dipole
moment in  eq. (1.18) w ith  I = K, i.  e,
ß = (gR + I g  •  h
I  + 1
I t  is  reasonable to assume a value fo r g between Z /A  and Z /2A  (see, fo r
R
example, Go60). The above equation then gives
87 .
(gK - g R) = 1-85 if gR = Z/A
= 2. 90 i f g R = Z/2A
These values a re  consistent with the value obtained above from  the m ixing 
ra tio  of the 3. 00 to 2. 21 MeV transition . However if a ll the experim ental 
values of th is  mixing ra tio  a re  taken together the re su lt is  very  different. 
The values, with (approximate) standard  deviations a re  0. 00 ^ 0. 04 
(present work), -  0. 03 -  0. 03 (La64), 0. 00 -  0. 03 (Sh67), and 0. 02 -  0. 02
° f
(Ha68). This gives a mean of 0. 00 -  0. 03, w here the e rro r  given is  th ree  
tim es the standard  deviation of the mean. With | 6 | < 0. 03, eq. (1. 22) 
im plies
(gK - gR>2 -  5 ' 6
which is  c lea rly  inconsisten t with the value obtained above from  the m ag­
netic  dipole moment.
This inconsistency provides fu rther evidence against the
7T "4*in te rp re ta tion  of the 3. 00 MeV level as the J = 9/2 m em ber of the 
ground s ta te  ro ta tional band.
The excited -co re  model calculations of Thankappen (Th65), 
d iscussed  in section 3 -1 , p red ic t a value for the mixing ra tio  of the 3. 00 
to 2. 2 1 MeV tran sitio n  of 0. 02 o r 0. 006, depending on which core-hold  
in teraction  is  employed, if the g -fac to r of the odd proton is  adjusted to fit 
the m agnetic dipole m oment of the ground sta te  and the g -fac to r for the 
core  is  taken as Z/A = 0. 5.
It can th e re fo re  be concluded that the mixing ra tio  for the
3. 00 to 2. 21 MeV tran sitio n  is  not consisten t with the predictions of the
ro ta tional model, and is  consisten t with an excited-core  model. However
in view of the serio u s  d isag reem ents (Th65) with the excited-core  model
27for other mixing ra tio s  in Al, the p re sen t evidence is  not in itse lf
27sufficient to show that the model is  appropria te  for Al.
88 .
3 -6 .2  The 3 .68  MeV level
Sm ulders et al. have rep o rted  (Sm68) that the mean lifetim e of 
-14
this level is  le s s  than 3. 0 x 10 sec. Using th is  re su lt and the known branch­
ing ra tio s  (E168), it is  found that for the 2. 84 MeV transition , the la rg e r of
+1 6the two m ixing ra tio s  consistent with a 3 /2  assignm ent, i. e. 6 = 4.1 * ,
—U. 8
can probably be re jec ted  since the lower lim it corresponds to an E2 enhance­
m ent of 17 Wu. The la rg e s t E2 enhancement which has been observed in 
27 +
Al is  12 -  4 Wu (Sm68), for the 1. 01 MeV level g round-sta te  transition ,
and i t  has been pointed out by van der Leun (Va64) that E2 enhancem ents in
the 2 s - ld  shell a re  la rg e r  for low -energy transition . The next la rg e st en- 
27 +
hancem ent in Al is  7. 9 -  1. 2 Wu, for the 2. 21 MeV level ground state  
transition  (Sm68). F or the 2. 67 MeV tran sitio n  the la rg e r magnitude values 
of 6 consisten t with a  3 /2  assignm ent a re  unlikely, since | 6 | >8. 9 c o rre s ­
ponds to an E2 enhancem ent of g rea te r than 14 Wu.
Law ergren (La67) has observed a pronounced ft = 0 stripping 
26 27patte rn  for th is  level in the Mg(d,n) Al reaction  at a bom barding energy
7T +of 3. 0 MeV, indicating that J  = 1/2 . Assum ing that resonances observed 
26 27in the Mg(p, y)  Al reaction  decay p rim arily  to bound s ta tes  whose spins
differ by le s s  than two units from  the resonance spin, Sheppard and van der
Leun have suggested (Sh67) that J  = 1/2 or 3 /2 . Recently Huang and Ophel
(Hu68) have produced strong  evidence from  angular co rre la tion  studies of 
26 27the Mg(p, y)  Al reactio n  tha t the spin of the level is  1/2. Thus a ll the
7T +available data a re  consisten t with J  = 1/2 .
A shell model calculation has been repo rted  (Wi68) in which 
the s in g le -p artic le  energ ies  and the m atrix  elem ents of the residual in te r­
actions w ere adjusted to fit the energ ies of many levels of nuclei between 
16A = 20 and A = 28, O being trea ted  as an in e rt core; 1 d ^ ^  configurations 
w ere not included. The re s u lts  of th is calculation a re  consistent with the
7r -j-
existence of a J  = 1 / 2  level n ear 3. 68 MeV.
89„
3 -6 .3  The 3. 96 MeV level
The m ean lifetim e of th is  level has been m easured  as le s s  than 
-142. 0 x 10 sec by Sm ulders et al. (Sm68). This re su lt, taken in conjunction 
with the m easured  branching ra tio s  for the level, excludes som e of the spins 
perm itted  by the co rre la tion  re su lts . E llio tt et al. (E168) re p o rt a (5 -  2)% 
branch  to the 2. 73 MeV, J 71" = 5 /2+ level; a spin of 1/2 for the 3. 96 MeV 
level im plies an E2 enhancem ent g re a te r  than 89 Wu (taking the lower lim it 
of the branching ratio) and hence can be re jected . The transition  to the 0. 84 
MeV l / 2 + level repo rted  by E lliott et a l. ((3- 2)% ) and by Sm ulders et al.
(8%) is  much too strong for octupole rad iation , hence a J  = 7 /2  assignm ent 
can be excluded. The sam e transition  alm ost certa in ly  e lim inates the p o ss i-  
b ility  that J  = 5 / 2  , since the lower lim it of 1% given by E lliott et al. would 
re q u ire  an M2 enhancement of > 8 Wu. The la rg e s t M2 enhancement in the 
com pilation of Skorka et al. (Sk67) for A < 40 is  6. 7 Wu.
Thus the p re sen t co rre la tion  re su lts , taken in conjunction 
with previous lifetim e and branching ra tio  data, indicate that the spin of the
3. 96 MeV level is  3 /2  or 5 /2 , with 5 /2  a very  unlikely possib ility .
Sheppard and van der Leun have suggested (Sh67) a 3 /2  ass ig n -
26 27 7T
m ent from  th e ir Mg(p, y)  Al data, and a suggestion that J  = 1/2  o r 3 /2
has been made (Va65, Va66) on the b asis  of ine lastica lly  sca tte red  proton
7t
angular d istribu tions. An assignm ent of J  = 7 / 2  has been made by Koval
26 27et al. (Ko68) from  a Mg(p, y y  ) Al angular co rre la tion  experim ent; it 
was concluded that the 3. 95 MeV level is  the J  = 7/2 m em ber of the K = 1/2 
band based on the 0. 84 MeV level. However the value obtained for the 
resonance spin d iffers from  the re su lt of van der Leun et al. (Le67), and 
there  is  also d isagreem ent regard ing  the decay schem e of the level. F rom  
the data of van der Leun et al. , which w ere obtained with the superio r 
energy reso lu tion  of a Ge(Li) detecto r, it appears that the gam m a-ray  which 
Koval et al. a sc rib e  to a tran sitio n  between the 3. 95 MeV level and the 
ground sta te  is  in fact a 4. 00 MeV gam m a ra y  from  the decay of the re so n -
90 .
ance level to a level at 6.48 MeV.
It can be concluded that the spin of 3. 96 MeV level is  very  
probably  3 /2 , although a 5 /2  assignm ent cannot be excluded.
3-6 . 4 The 4. 05 MeV level
F or th is  level it has been concluded that J  = 1/2 or 3 /2 . The
la rg e r  of the two possib le  ö  values for a J  = 3 /2  assignm ent, i. e. 6 = 
.+28.54 .7
- 2.1 , can probably be re jec ted  because, assum ing the branchm g ra tio-14
given by re f. (E168), and a m ean lifetim e of le ss  than 2. 0 x 10 sec (Sm68), 
it  im plies an E2 enhancem ent of a t leas t 18 Wu.
A J  = 1/2 o r 3 /2  assignm ent is  in agreem ent with both the
26 27M g(p,y ) A1 and ine lastic  proton sca tte ring  data, which both suggest (Sh67,
28 3 27
Va65, Va66) that J  = 1/2 o r 3 /2 , and with the Si(d, He ) A1 re su lts  which
strong ly  suggest (Wi68) that J  = 1/2 or 3 /2  on the b asis  of pronounced
ft = 1 pick-up p a tte rn s . These ft -  1 transitions have been in te rp re ted  (Wi68)
12-2n 2nas due to proton pickup from  the 1 p , shell o r from  (s d) (2 p) proton
28  ^ " 
configurations in the Si ground state.
3 -6 .5  The 4. 58 MeV level
The angular co rre la tion  re su lts  a re  consistent with J  = 1/2,
3 /2 , 5 /2  and 7 /2 ; the possib ility  of J  = 9/2 is  excluded. The observed tra n ­
sition  to the 2. 21 MeV level is  much too strong for octupole rad iation , so that 
the possib ility  of J  = 1/2 is  elim inated. In addition, it  e lim inates a 3 /2  assign -
7T +m ent and indicates a strongly  enhanced E2 tran sitio n  if J  = 3 / 2  : assum ing
-14a m ean lifetim e of le ss  than 3. 0 x 10 sec (Sm68) and a branching g re a te r  
than 14% (table 3» 1), J  = 3 / 2  would req u ire  a M2 enhancement of g re a te r  
than 300 Wu, and J  = 3 / 2  would req u ire  an E2 enhancement of g re a te r  than 
10 Wu.
Thus the co rre la tio n  re su lts , when combined with the branching
ra tio  and lifetim e data, im ply J n  = 3 /2+ , 5 /2  “ or 7 /2" . Since the level
+ +
has recen tly  been assigned J  = 7 /2 “ , 9/2 by A nyas-W eiss and Ropke 
(An69), it  can be concluded tha t J  = 7/2. The branching ra tio s
91 .
obtained in the p re sen t experim ent, shown in table 3 .1 , confirm  the re su lts  
of a p rev ious investigation in th is labo ra to ry  (E168) and a re  in d isagreem ent 
with the re su lts  of Sm ulders et al. (Sm68).
3-7 CONCLUSION
A previous assignm ent of J  = 7 /2 to the 3. 00 MeV level of 
27Al has been found to be inco rrec t, and i t  has been concluded that for this 
level J  = 9 /2 . Com parison of gam m a-ray  branching ra tio s  m easured  for the 
level with re s u lts  obtained previously  using other reactions provides strong  
evidence against the level being a doublet. The transition  ra te s  for the 
gamma decay of the level a re  not in agreem ent with it being the J  = 9/2 
m em ber of a K = 5 /2  ro tational band based  on the ground sta te . The t r a n s ­
ition ra te s  a re  in agreem ent with the excited -co re  model, but in view of the
28 3 27evidence p resen ted  in section 3-1 , p a rticu la rly  the Si(d, He) Al reaction  
data, it  is  not considered tha t the model provides a good descrip tion  of the 
low-lying levels  of th is nucleus. The J  = 9/2 assignm ent is in agreem ent 
with in te rm ed ia te  coupling shell-m odel calculations.
All the av ailab le  data, including the re su lts  of the p re sen t
7r +
investigation, a re  consistent with J  = 1 /2  for the 3. 68 MeV level, in ag ree ­
m ent with in term ediate-coupling  shell model calculations. It has been con­
cluded tha t the 3. 96 MeV level probably has J  = 3 /2  (but J  = 5 /2  cannot be 
excluded) and the 4. 05 MeV level has J  = 1 /2 or 3 /2 .  A previous a ss ig n ­
ment of J  = 7 /2  to the 3. 96 MeV level is  in co rrec t, so that th is level cannot 
be the J  = 7 /2  m em ber of a K = 1/2 ro ta tional band based on the 0. 84 MeV 
level. It has been concluded from  the p re sen t work that th e re  is no J  = 7/2 
state , except for the 2. 21 MeV sta te , below 4. 41 MeV excitation. T h ere ­
fore  the in te rp re ta tio n  of the 0. 84, 1. 01 and 2. 73 MeV sta tes  as m em bers 
of a K = 1/2 band, which re q u ire s  that the J  = 7/2  m em ber of the band be 
at about 3 .1  MeV, is  unsatisfacto ry .
It has been found that the 4. 58 MeV level has J  = 7/2. A 
gamma decay branch  to the J  = 5/2 2. 73 MeV level has been detected, in
92 .
disagreem ent with previous work by the Chalk R iver group.
As pointed out in sec tio n  3-1 , Ropke and Lam have suggested 
(R068) that it would be in te resting  to locate the second excited 9/2+ level, 
which may belong to the K = 5/2 band; in o rd er to  rem ove the difficulties 
involved in a N ilsson model in terp re ta tion  of a 9/2+ sta te  at 3. 00 MeV, they 
suggested that the 3. 00 MeV level may in fact be the f ir s t  m em ber of a K = 9/2 
band and that the J  = 9 /2 m em ber of the K = 5 /2  g round-state  band has not yet 
been identified. The p resen t re su lts  indicate that none of the 3 .68 , 3. 96,
4. 05 and 4. 58 MeV levels has J  = 9/2. The 4 .41  MeV level was not studied 
in the p resen t work because attem pts to populate the level sufficiently strongly 
for co rre la tion  studies w ere unsuccessful. However the m easured  decay
schem e of the 4. 41 MeV level (E168), taken in conjunction with the mean life-
—14 7rtim e of le ss  than 2. 2 x 10 sec (Sm68), indicates that for th is  level J  =
l / 2 + , 3 / 2  , o r 5 /2  , with J 71” = 7/2+ rem ain ing  a slight possibility: the
ground state  tran sitio n  is  much too strong  for M2 radiation , thus elim inating
J77 = 1/2 ; the 24% branch  to the 1. 01 MeV 3 /2 + level is  much too strong for
octupole or M2 radiation , thus elim inating J  = 9 /2 and J  = 7/2 ; and a
7r +
J = 7 / 2  assignm ent would req u ire  an E2 enhancement of g rea te r than
21 Wu for the tran sitio n  to the 1. 01 MeV level, which is  unlikely in view of
the enhancem ents which have been previously  in th is nucleus (see section
3-6. 2). The 4. 51 MeV level alm ost certa in ly  has spin 11/2, although 7/2 is
not com pletely excluded (Sm68, Ha68, Ro68). The 4. 81 MeV level has been
assigned (Sh67) a spin of 5 /2 . Thus i t  m ay be concluded that the second
27excited J  = 9/2 s ta te  of A1 is  a t an excitation energy g rea te r than 4. 81 MeV. 
C learly  an investigation of the higher levels is  n ecessa ry  before any definite 
conclusions can be reached  regard ing  the validity of Ropke and Lam’s 
a lte rnative  ro tational in terp re ta tion  of th is nucleus.
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CHAPTER 4
29
STUDY OF A1
4-1 INTRODUCTION
The nucleus A1 lies  in a region of the 2 s - ld  shell w here there
is  considerable doubt as to the re la tive applicabilities of various nuclear models.
The N ilsson model, which has had considerable success in explaining the
25 25
p ro p e rtie s  of ligh ter nuclei such as Mg and A1 (Li 58), seem s irreconcilab le
with much of the available data on the nuclei in the shell with A >: 27; for
exam ple, as was d iscussed  in the previous chap ter, spectroscopic fac to rs  and
27gam m a-ray  transition  ra te s  in A1 a re  not pred icted  at all well (Wi68, Go 68,
Sm68) The excited core  model is able to account (Th66) fo r some of the
27observed gam m a-ray  transition  ra te s  in Al, provided this nucleus is regarded 
as a d 28 28 _ , proton hole coupled to a Si co re , but recen t studies of the Si
o  5 / "3 27(d, He) Al reaction  show that this p ic tu re  is oversim plified, as  was d iscussed
in section 3-1. W ildenthal et al (Wi68) have perform ed  shell-m odel calculations
in a Id  . - 2s , configuration b asis  and obtained qualitative agreem ent with
 ^  ^  ^ 27 28
the observed level schem es of Al and “ Si. A varie ty  of o ther theoretical
approaches (Fa66, Be67, Da67) has failed to c o rrec tly  describe  the p ro p e rtie s  
2 8of Si levels. Brom ley et al (Br57) have found that the Nilsson model is only
29m oderately  successful fo r Si (e .g . enhanced in tra-band tran sitio n s  a re  not
observed), although the weight of evidence favours an oblate deform ation, in
agreem ent with the apparent trend  from  pro la te  to oblate deform ation around
the m iddle of the shell (Go60). Webb e t al (We68) have found that the p ro p ertie s
31of the low-lying levels of Si a re  consisten t with the N ilsson model, with the 
deform ation p a ram e te r ?7 = -2, corresponding to an oblate deform ation. The
sem i-quantitative in term ediate-coupling shell model calculations of Bouten et al 
(Bo67), d iscussed  in section 1-4. 2, give good agreem ent with the experim ental 
level schem es at low excitation fo r m ost nuclei in the region. In p a rtic u la r
f 11.29 t 
25Nq + cl
I l 0 .4 9  t
f 9,4 4 I
4 .65
L U, p >
6 .52  min
7 1 .  ; 1 .5
1 . 2 7 3
- 2.66-2.89
Si*n-p
-3 .68
-13.51
29
Fig. 4 .1  The level schem e of A1 (from ref. En67), B earse  e t al (Be68) 
have recen tly  shown that the c o rre c t value for the excitation energy of 
the th ird  excited state  is 2. 23 MeV, and that the f ir s t  excited s ta te  has 
J  = l / 2 +.
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the ordering , although not the separa tions, of the f i r s t  th ree excited s ta tes  of 
29 29Si and P a re  predicted  co rrec tly . These calculations p red ic t that the f ir s t
29three excited s ta tes  of A1 have J  = 1/2, 3 /2 and 5/2 respectively.
P r io r  to the p resen t work, m agnetic spectrograph m easurem ents 
29of level energ ies in “ A1 had been made by Jaffe et al (Ja60) using the 
27 29Al (t, p) Al reaction and by B earse  et al (Be68) using the reaction
26 29 29Mg ( a  , p) Al. An energy level d iagram  for Al from  ref. En67 is
27 29shown in fig. 4 .1 . The Al (t, p) Al angular d istribu tions (Ja60) showed 
an I = 0 transition  to the ground state  of ^ A l ,  indicating J 77 5/2 . This
re su lt is consisten t with an assignm ent made previously on the basis  of the
29 29log ft values for the AI ß  -d ecay  to various Si levels (Br57). The only
o ther level fo r which a stripping pa tte rn  ( Ü =2) w as observed in the (t, p) work
was the 3 .58  MeV level, suggesting that this also is  a com paratively sim ple
30 3 29state. B earse  et al (Be68) concluded from  th e ir  Si (d, He) Al angular
29 7j
distributions that the f i r s t  excited sta te  of Al has J 1/2 , in agreem ent
with the prediction of Bouten et al (Bo67).
The p resen t chap ter d esc rib es  an investigation of some of the 
29electrom agnetic p ro p e rtie s  of Al. It was considered  worthwhile, as a 
f ir s t  step, to m easure  the gam m a-ray  branching ra tio s  of the low-lying levels, 
using the double-focussing sp ec tro m ete r system  fo r p a rtic le  detection. Quite 
apart from  its  inherent value for future com parison with nuclear m odels, this 
inform ation was an essen tia l p re req u is ite  to angular co rre la tio n  studies using 
annular counter as p a rtic le  detector, since the annular counter system  was 
inadequate to com pletely reso lve the levels.
4-2 BRANCHING RATIO MEASUREMENTS
4-2 .1  Experim ental procedure
26 29The Mg (o'  , p ) Al reaction  was used to m easure  the 
29branching ra tio s  fo r  Al levels a t excitation energ ies of 1. 76, 2. 23, 2. 87,
3.07, 3 .19, 3. 44 and 3. 58 MeV. Beam s of ^ H e ^  ions with energ ies between
95.
10. 4 and 10. 9 MeV w ere obtained from  the A. N. U. tandem acce le ra to r The
-2
ta rget consisted  of approxim ately 200 a g m -c m  of 99.7% isotopically enriched 
26Mg deposited on a thin carbon backing. In spite of the high degree of en rich ­
m ent of the ta rg e t, p re lim in ary  runs showed that the proton spectrum  contained
24 27significant contributions from  the Mg (a , p) A1 reaction, peaks corresponding 
27to the population of A1 levels up to the 3 .00  MeV level being p articu la rly
prom inent. In o rd e r to obtain sufficient resolution in the proton spectrum  to
exclude contributions from  th is contam inant reaction, the protons w ere detected
at the focal plane of the double-focussing sp ec tro m ete r by a 5 -  cm long, 6 - mm
wide position sensitive  de tec to r with a depletion depth of 600 n  . A 12. 7 cm x
10. 2 cm Na I(T1) c ry s ta l w as mounted with its  axis vertical and its  front face
4 . 1cm  above the ta rge t spot, as shown in fig. 4 .2 ; a 1. 6m m  thick stee l plate
supported the c ry s ta l in the top of the ta rg e t cham ber. For each level studied,
the angular setting  of the sp ec tro m ete r was chosen so that the level could be
24 27observed without contributions from  the contam inant reaction  Mg ( a  , p) Al,
and the bom barding energy was chosen to give optimum yield.
The electronic equipment used w as s im ila r  to that described  in
chap ter 3. Coincidences between the pu lses from  the N a I ( T l ) detecto r and
the energy pu lses from  the position sensitive detecto r w ere detected using
c ro ss -o v e r  tim ing. The coincidence resolving tim e was 140 n sec . The
output pulses from  the coincidence unit opened lin ea r gates to the dual
p a ram ete r analysis  system  which sto red  the position spectrum  in 16 channels
and the gam m a-ray  spectrum  in 256 channels. The ra tio  of rea l to random
coincidences w as obtained from  a tim e to pulse height converter.
The data fo r the 2. 23 MeV level w ere obtained in the course
of an angular co rre la tio n  m easurem ent in which the protons w ere detected by
an annular counter se t at 180° to the beam  direction; since there  w ere no
24 27proton groups from  the contam inant Mg (O' , p) Al reaction  in the region
29of the group corresponding to the 2. 23 MeV level of Al, the resolution of 
the system  was adequate to ensure that the coincident gam m a-rays w ere
TARGET \ 
CHAMBER 10.2 cm LONG 
N al(T I) CRYSTAL
SUPPORT PLATE
4.1 cm
c^> SPECTROMETERBEAM
TARGET
Fig. 4.2 Schematic diagram of the target chamber used in
conjunction with the magnetic spectrometer for the 
29A1 branching ratio measurements.
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asso c ia ted  only with th is level. The N al (Tl) c ry sta l was mounted 20cm  from  
the ta rg e t spot, and spec tra  obtained a t five angles between 20° and 90° to the 
beam  direction  w ere summed to give the spectrum  used fo r the branching 
ra tio  analysis . The sp ec tra  w ere accum ulated in the dual p a ra m e te r system  
using 32 channels fo r the pro ton  spectrum  and 128 channels for the gam m a-ray  
spectrum .
4 -2 .2  A nalysis and re su lts
The dual p a ram ete r sp ec tra  w ere checked for evidence of 
contam inant gam m a-rays by looking fo r varia tions in the gam m a-ray  spectrum  
a c ro ss  the proton peaks, but no such varia tions w ere found. Randoms w ere 
sub tracted  and the appropria te  gam m a-ray  s lic e s  of the dual p a ram e te r a rra y  
w ere sum m ed. The resu lting  gam m a-ray  spec tra  w ere analyzed using the 
line-shape fitting  program  described  in the appendix. W here appropria te , 
the sp ec tra  w ere co rrec ted  fo r summing, assum ing that the cascade gam m a- 
rays w ere iso trop ic . The summing co rrec tio n  was la rg e s t fo r the 3. 19 MeV 
level ground state  transition , which was reduced from  a 22% branch to a 15% 
branch. Upper lim its  fo r the in tensities of weak transitions w ere estim ated  by 
adding lineshapes of the appropriate  energy to the fitted spectrum  and noting 
by visual inspection the in tensities of these ex tra  components which changed 
the fit significantly .
Coincidence gam m a-ray  spectra  for all levels studied a re  shown
in fig. 4. 3. The full curves rep re sen t the fits  obtained from  the lm eshape
analysis . Fig. 4 .4  shows a typical gam m a-ray  singles spectrum  used to
c o rre c t fo r random  coincidences. Fig. 4. 5 illu s tra te s  the reso lu tion  obtained
a t the focal plane of the spectrom eter; m ost of the observed width of the proton
-2groups a r is e s  from  energy lo ss  in the 200 ggm  cm thick ta rg e t. The
3.58  MeV level was not com pletely resolved from  the 3. 65 and 3. 68 MeV
levels. Any contribution from  these higher levels was excluded in the analysis
by using only an appropria te  section of the d u a l-p a ram ete r a rra y . Thus each
29of the g am m a-ray  sp ec tra  re su lts  from  a single level in A1 (unless of course
Ex 3 I 76  MeV 
Ea *10 50 MeV 
B =145°
Ex * 2 23 MeV 
Ea JI0 63MeV 
DATA SUMMED OVER 
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1 0  l ' 4 0 i | l  47
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Ea -IO 5 4 MeV
e • 5*
287
~  3 0
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F i g .  4 o 3 ( a )  C o i n c i d e n c e  gamma-ray s p e c t r a  f o r  t h e  1 .7 6  s, 2 , 2 3 s ,
292 .8 7  and 3 .0 7  MeV l e v e l s  o f  A1 p o p u l a t e d  v i a  t h e  r e a c t i o n  
26 29M g(a5p)  A l .  The d a t a  have  b een  c o r r e c t e d  f o r  summing 
c o n t r i b u t i  o ns .
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0 96
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Fig. 4.3(b) Coincidence gamma-ray spectra for the 3.19, 3.44
29and 3.58 MeV levels of ‘A1 populated via the reaction29a,p) Al. The data, have been corrected for summing 
contributions. For the 3.19 MeV level two fits are shown
(a) assuming no transition via the 1.40 MeV level and
(b) assuming transitions via both the 1.40 and 1.76 MeV 
levels.
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any of the leve ls  are doublets which are as ye t unresolved), and in  no case is 
it  necessary to assume that a neighbouring le ve l is  only weakly populated.
The branching ra tios  obtained are lis te d  in  table 4 .1 . The 
e r ro rs  shown correspond to the standard deviations in  the in ten s itie s  extracted 
fro m  the experim enta l data by the line  shape f it t in g  program , as explained in 
the appendix. No attem pt has been made to c o rre c t fo r  e r ro rs  a r is in g  fro m  
anisotrop ies in the gam m a-ray angular d is tr ib u tio n s . An estim ate of the 
magnitude of th is  effect can be made as fo llow s.
I f  the angular d is tr ib u tio n  o f a gam m a-ray is  given by the
expression
W( 0) -  A o + A 2 Q2 P 2 (cos 0) + A 4 Q4 P4 (cos  0) 4. 1
where the notation is  that used in  section 3 -3 , then the in tens ity  observed at 
0^ is W ( 0 ). There fo re  the fra c tio n a l e r ro r  in  in tens ity  due to observation 
at angle 0 only is
w (el)  "  A o 4.2
For the case o f a 3. 0 M eV gam m a-ray detected by a 12. 7 cm  x 10, 2 cm
N a l (T l) c ry s ta l mounted 4 . 1cm  fro m  the ta rg e t and at 90° to the beam
d ire c tio n , as in  the present w o rk , expression (4. 2) shows that fo r  an
angular d is tr ib u tio n  w ith  A 2/A ^  = 0 .6  and A 4/A  = 0 (probably about the
m ost unfavourable case lik e ly  to be encountered) the e r ro r  in troduced is  17%.
In general the angu la r d is tr ib u tio n  of gam m a-rays in  coincidence w ith  a
p a rtic le  detector w i l l  also have a dependence on azim uthal angle <j> .
However in  the present w o rk  except in the case of the second excited state,
fo r  which the p rob lem  does not a r ise  since the re  is  only one decay branch,
the p a rtic le  detector was only 5° fro m  the beam axis. There fo re  the ax ia l
sym m etry  o f the system  about the beam d ire c tio n  is  strong and any
dependence of the angular d is tr ibu tions  w i l l  be ve ry  sm all.
There is  a 0. 84 MeV gam m a-ray p resen t in  the singles
66
spectrum  (fig. 4 ,4 ); th is  is  a ttribu ted  to Co a c tiv ity  (h a lf- life  77d)
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produced by the reaction ' Fe (p, n) Co when the equipment was used with 
proton beam s. Therefore the p resence of weak gam m a-rays of about this 
energy in the coincidence spectra  fo r the 2. 23 and 3. 07 MeV levels may 
possib ly  be due to sm all e r ro rs  in the co rrec tio n  fo r random coincidences.
In the case of the 3. 07 MeV level, there  is som e evidence fo r 
a weak gam m a-ray  of energy about 1. 53 MeV p resen t with the sam e intensity 
in coincidence spectra  obtained with the sp ec tro m ete r set a t both 5° and 145° 
to the beam . The lack of variation  in the gam m a-ray  spectrum  a c ro ss  the 
proton group populating the 3. 07 MeV level, together with the kinem atic 
re s tr ic tio n s  imposed by observation at the two different angles, im poses 
stringen t lim itations on the origin of th is  gam m a-ray . No explanation for 
its  presence  could be found.
The analysis of the gam m a-ray  spectrum  for the 3. 19 MeV 
level is  com plicated by the fact that a cascade through the 1.40 MeV level 
would re su lt in gam m a-rays with energ ies 1.40 and 1. 79 MeV, w hereas a 
cascade through the 1.76 MeV level would give energ ies of 1.43 and 1. 76 MeV. 
D istinction between these two possib ilities  is  at the lim it of the reso lv ing  
power of the N al(T l) spectrom eter. The data suggest that both cascades 
occur in significant amounts, since the fits  obtained assum ing one cascade 
only a re  significantly poorer than those obtained using various com binations 
of the two. However, re liab le  ex traction  of the re la tive in tensities of the two 
cascades is not possible because the fitting p rocedure for gam m a- rays so 
close together in energy is very  sensitive  to s ta tis tic a l lim itations of the 
data and to sm all e r ro r s  in the energy calib ration  of the spectrum .
4 -2 .3  Investigation of decay schem es of 3. 07 and 3.19 MeV levels using 
Ge(Li) de tec to r
An obvious method of attem pting to reso lve the d ifficulties 
d iscussed  above regarding the decay schem es of the 3. 07 and 3 .19  Me V 
levels was to observe the gamma decay of these sta tes  using a Ge (Li) 
detecto r. Due to the large num ber of gam m a-rays resulting  from  the
99„
26M g(ö' , a- ) 26Mg and 2ßMg (a  , n )29Si reactions, a coincidence experim ent
26 29
w as n ecessa ry  in o rd e r to investigate the gam m a-rays from  the Mg ( a , p) A1 
reaction.
Due to the com paratively low efficiency of the Ge (Li) detector, 
which had an effective volume of 40 cc, it was necessa ry  to use an annular 
counter as partic le  de tec to r, ra th e r than the magnetic spec trom eter, in o rd e r 
to obtain a reasonable proton - gamma - ray  coincidence ra te . In addition the 
annular counter had, fo r the sam e reason , to be mounted very  close to the 
ta rg e t (about 1. 5cm ), with the re su lt that, due to kinem atic broadening, the 
proton peaks corresponding to the 3. 07 and 3.19 MeV levels w ere not well 
resolved, as shown in fig. 4 .6 .
A Ge (Li) detecto r spectrum  of gam m a-rays in coincidence with 
protons w ithin the window shown in fig. 4. 6 was accum ulated in 2048 channels 
of the Intertechnique - I. B, M0 1800 analysis system . The gam m a-ray  pulses 
w ere passed  through an ORTEC base line res to ra tio n  c ircu it to allow a high 
gam m a-ray  singles ra te  and so in c rease  the coincidence ra te . The spectrum  
which resu lted  from  about 24 hours running tim e with a beam  of 100 nA is 
shown in fig. 4. 6. It can be seen that the resolution is very poor, about 
20 keV full width a t half maximum fo r the 1.31 MeV gam m a-ray; the 
de tec to r had been damaged in an accident shortly  before, and there  was no 
replacem ent available.
A broad peak is  evident cen tred  around 1. 53 MeV; it is very
much stro n g er re la tive  to the 1. 31 MeV peak than was the 1. 53 MeV peak
in the N al(T l) d e tec to r spectrum  for the 3. 07 MeV level (fig. 4. 3). Therefore
the 1. 53 MeV radiation cannot be explained by a cascade from  the 3. 07 MeV
29level through a previously  undetected level of A1 at 1. 53 Me V; if the 
1.53 MeV radiation  w ere associated  with the decay of the 3. 07 MeV level, 
its  intensity re la tive  to o ther radiation associated  with the 3. 07 MeV level 
would be constant, ap art from  angular d istribution  effects. It is  therefore  
probable that the 1. 53 MeV radiation is  in coincidence with a contam inant
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p a rtic le  group under the group corresponding to the 3. 07 MeV level.
The re la tive strengths of the decay branches of the 3. 19 MeV 
level through the 1.40 and 1.76 MeV levels w ere deduced from  the Ge (Li) 
spectrum  as follows. (For the sake of c la rity , the actual num bers involved 
in the calculation a re  given). Using the 1. 31 MeV peak as a standard  peak 
shape, the peaks a t 1.40 and 1.47 MeV w ere fitted manually, assum ing a 
sloping background as  shown in fig. 4. 7. All counts rem aining between 
these two peaks and above background w ere a sc rib ed  to a 1. 43 MeV peak, 
corresponding  to transitions from  the 3.19 MeV level to the 1. 76 MeV level.
The 1.43 MeV peak was found to contain (237 + 40) counts, which when 
co rrec ted  fo r efficiency by taking the efficiency for a 0. 96 MeV gam m a-ray  
as unity, becom es (377 + 64) counts.
It is  now necessa ry  to calcu late  the total of 1.40 and 1.43 MeV 
counts in the spectrum  which a r is e  from  the decay of the 3.19 level (some of 
the 1. 40 MeV g am m a-rays a re  associated  with the decay of the 2. 88 and, 
possibly, the 3 .44  MeV levels, which a re  w ithin the window in the proton 
spectrum ; in re tro sp e c t it would have been w ise to have se t the window so 
as  to include contributions from  the 3. 07 and 3, 19 MeV levels only).
F rom  the Na I (Tl) de tec to r spectrum  for the 3 .19  MeV level, the 
re la tive in tensities  of the cascade via the 2. 23 MeV level and of the cascade(s) 
via the 1. 40 a n d /o r 1.76 MeV levels w ere found (corrected  fo r efficiency) to 
be in the ra tio  13:9. This ra tio  was a rriv ed  at by taking the ra tio  of the 
average of the 0. 96 and 2. 23 MeV in tensities to the average of the (1.40 + 1.43) 
and (1. 76 + 1.7 9) MeV in tensities. This procedure reduces the effect of 
an iso trop ies of the gam m a-ray  angular d istribu tions on the re la tive  in tensities 
obtained with the N al (Tl) c ry s ta l at 90°.
T herefore  in the Ge(Li) de tec to r spectrum , since the 0. 96 MeV 
peak contains (505 + 100) counts, the num ber of (1.40 + 1.43) MeV counts from  
the 3 .19  MeV level m ust be
4  x (505 + 100) = 350 + 70.
-L o
101 .
Since it was deduced e a r lie r  that (377 + 64) of these counts a re  1.43 MeV gamma 
rays from  the 3.19 MeV level, a t le a s t a fraction
377 - 64 
350 + 70 0. 75
of the total 1.40 and 1.43 MeV gam m a rays from  the 3 .19  MeV level a re  in
fact 1.43 MeV. Since from  the N al (Tl) spectrum  it was found that there  was
a 33% branching through the 1.40 and 1.76 MeV levels, it can now be concluded
+8that the branch through the 1. 40 MeV level is  0 %, and the branch through
the 1.76 level is  33  ^ %.
— O
4 -2 .4  Conclusions from  branching ra tio  m easurem ents
The gam m a-ray  decay schem es of the f i r s t  eight excited sta tes  
29of A1 have been determ ined and a re  illu s tra ted  in fig. 4 .7 . There rem ains 
some doubt about the re la tive  streng ths of the decay branches of the 3. 19 MeV 
level through the 1.40 and 1.76 MeV levels. The data taken with the N al(T l) 
d e tec to r strongly suggest that both branches occur in significant amounts, 
w hereas the Ge(Li) de tec to r data show no evidence fo r a branch through the 
1.40 MeV level. It is  hoped to obtain a Ge(Li) de tec to r spectrum  with improved 
resolution in o rd e r  to reso lve th is problem . A possible explanation for the 
inconsistency between the N al (Tl) and Ge(Li) sp ec tra  is that there  a re  
contam inant unresolved 1. 28 and 1. 81 MeV gamma rays in the N al(T l) 
spectrum , a ris in g  from  the p resence  of silicon, fluorine and sodium in the 
ta rg e t (see section 4-3 . 2. 5).
These branching ra tio  m easurem ents do not make possib le any
definite spin assignm ents. However, if it  is considered that the transitions
from  the 2. 88 and 3. 44 Me V levels to the J  = 1/2 1.40 MeV level a re  too strong
for octupole radiation, then J  < 5/2 fo r these levels.
The angular co rre la tion  m easurem ents described  in the next
section w ere undertaken in o rd e r to obtain m ore inform ation regard ing  the
29
spins of these low-lying levels of Al.
3-58 ________________________________________21 79
3 4 4  16 69  15
3* 19 15 33 52
3-07 4i0 58
2 87 58 42
2-23 __99__
p o
140 . 
0 0  .
29AI
Fig. 4.7 The decay schemes of the low-lying levels of
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4-3 ANGULAR CORRELATION MEASUREMENTS
4 -3 .1  Experim ental procedure
4 -3 .1 .1  The 1 .40, 1.76 and 2.23 MeV levels
-2 26A ta rg e t consisting of approxim ately 200 ^ gm cm  of Mg,
enriched to 99. 7%, deposited on a thin carbon backing, was bom barded with
4  H—hHe ions of 10. 63 MeV, a t which energy these th ree  levels w ere approxi­
m ately equally populated, as shown in fig. 4. 8. The experim ental a rrangem ent
was the sam e as  that used for the study of the 3. 68, 3. 96 and 4. 05 MeV levels 
27of Al, and is shown in fig. 3 .4 . An annular m y la r abso rber, 0. 004cm  thick,
was mounted in front of the annular counter to stop back -sca tte red  alpha
26 29p a rtic le s . Due to the low c ro ss -se c tio n  fo r the Mg (ca , p) Al reaction , 
it was not p rac ticab le  to use the double-focus sing sp ec trom eter in th is  
experim ent.
29The electronic equipment used fo r these Al co rre la tio n
m easurem ents w as the sam e as that used fo r the study of the 3 .68, 3. 96
27and 4. 05 MeV levels of Al. A section of the proton spectrum  encom passing 
the 1. 40, 1. 76 and 2. 23 MeV levels was sto red  in 32 channels of the dual 
p a ram e te rs  system  and the gam m a-ray  spectrum  was sto red  in 128 channels; 
thus the angular co rre la tio n s  for the 1.40, 1. 76 and 2,23 MeV levels w ere 
obtained sim ultaneously.
Coincidence sp ec tra  w ere obtained at 20°, 32. 5°, 52. 5°, 72 .5° 
and 90° to the beam  d irection . The beam intensity was about 100 nA, which 
resu lted  in a rea l to random  coincidence ra tio  of about ten to one.
4 -3 .1 .2  The 2. 87, 3.07 and 3.44 MeV levels
F or the study of the 3. 07 and 3.44 MeV levels it w as n ecessa ry
to obtain b e tte r  resolution in the proton spectrum  from  the annular counter.
26T herefore  a th inner ta rge t was used, the thickness of the Mg la y e r being 
-2about 80 (Jgm cm  . The beam  energy w as 11. 26 MeV, at which energy the 
3.19 MeV level was com paratively weakly populated, as shown in fig. 4 .8 .
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It w as then possib le to obtain coincidence gam m a-ray  sp ec tra  fo r the 3. 07 MeV 
level which had less  than 2% contribution from  the 3. 19 MeV level. The angular 
co rre la tio n s  for the 2. 87, 3.07 and 3. 44 MeV levels w ere obtained sim ultaneously 
using the dua l-p aram ete r analysis system , data being obtained at 20°, 42. 5°,
60° and 90° to the beam  direction.
/
4 -3 .1 .3  The 3, 19 MeV level
-2 26
For the study of th is level the 80 pgm  cm Mg ta rg e t was
4 ++bom barded with 11.32 MeV He ions. At this beam energy the 3. 07 MeV 
level was comparatively weakly populated, a s  shown in fig. 4 .15 . Due to 
a tem porary  fa ilu re  in the com puter system , it was necessa ry  to take the 
data using conventional pulse height analyzers . A window was se t around the 
proton group corresponding to the 3. 19 MeV level, as shown in fig. 4 .15 . The 
contribution of the 3. 07 MeV level to the counts in the window was about 3%.
The e lec tron ics system  was s im ila r  to that shown in fig. 3. 3. An ungated 
proton singles spectrum  was accum ulated at each angle, and the position of 
the window around the 3. 19 MeV level was checked periodically . Coincidence 
gam m a-ray  sp ec tra  w ere  obtained at 20°, 42 .5°, 60° and 90° to the beam 
direction.
4 -3 .2  Analysis and re su lts  
4 -3 .2 .1  The 1.40 MeV level
The spectrum  of gam m a rays in coincidence with protons 
populating the 1.40 MeV level is shown in fig. 4.9.  This spectrum  was 
obtained from  the dual p a ram e te r a rra y  by summing the gam m a-ray  slices 
inside the window shown in fig. 4. 8. Since the re la tive  populations of the 
1.40, 1. 76 and 2. 23 MeV levels changed significantly during the run, due to 
sm all changes in beam  energy, it w as n ecessa ry  to norm alise  the gam m a-ray  
coincidence counts a t each angle to the num ber of counts in the appropriate  
peak of the proton singles spectrum ; the peak counts w ere obtained by 
manual background subtraction. Due to the sim plicity  of the gam m a-ray
E„ «1-76 MeV 
E* «10-63 MeV 
0-52 5°
Em-10-63 MeV 
0-52-5°
En - 2 -87 MeV
E y (MeV)
Fig. 4.9 Typical gamma-ray coincidence spectra obtained 
in the angular correlation measurements on the 1.40, 
1.76, 2.23 and 2.87 MeV levels of 29A1.
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sp ec tru m , the num ber of gam m a-ray  counts at each angle was ex tracted
m anually, ra th e r than with the com puter lineshape fitting p rogram .
The angular co rre la tion  data fo r the 1. 40 MeV gamma ray
is  shown in fig. 4 .10, together with b e st fits for the various possib le spin
assignm ents, obtained using eq. 3 .25. The lower p a rt of the figure shows 
2
plo ts of X versus the am plitude mixing ra tio  8 for the spins considered.
The effect of including a 5% population of the m = + 3/2  substates of the
gam m a-ray  emitting s ta te  w as investigated, but, as with the o ther co rre la tions 
29m easured  in Al, conclusions regarding spins and mixing ra tio s  which gave 
a sa tisfac to ry  fit w ere  not significantly affected.
The m easu red  co rre la tio n  is  iso tropic within the experim ental 
e r r o r s ,  which a r is e  very  la rgely  from  the s ta tis tica l e r ro r  in the num ber of 
gam m a rays at each angle. The only spin assignm ent which is  excluded by 
the data is  J  = 9/2; however the isotropy of the co rre la tion  is consistent 
with the J 77 = l / 2 + assignm ent of B earse  e t al (Be68). In the analysis of
co rre la tio n s  of transitions from  higher levels to the 1.40 MeV level it is 
assum ed J  = 1/2 fo r this level.
4 -3 .2 . 2 The 1.76 MeV level
The gam m a-ray  coincidence spec tra  fo r this level a re
com plicated by the p resen ce  of gam m a ray s  from  the decay of the fourth,
27fifth and sixth excited s ta te s  of Al, as  can be seen from  fig. 4. 8; the
proton groups corresponding to these s ta tes  a re  p resen t as unresolved
*  29
contam inants in the peak corresponding to the AI 1. 76 MeV level.
24In o rd e r  to determ ine the amount of th is contam ination, a Mg ta rg e t was
bom barded with alpha p a rtic le s  of the sam e energy as was used fo r the
29
study of the 1. 76 MeV level of Al. From  the resu ltan t proton spectrum
the re la tive  strengths of the peaks corresponding to the 2 .21, 2.73 and
27
(2. 98 + 3. 00) MeV levels of Al w ere obtained. Since a peak corresponding
26to the 2. 21 MeV level is  visible in the spectrum  from  the Mg ta rg e t, it 
was then possible to obtain the num ber of counts under the proton peak
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corresponding  to the 1. 76 MeV level which w ere due to the 2 .73, 2 .98  and 
273. 00 MeV levels of Al. It was concluded that (1. 5 + 0. 5)% of the counts
in the window round the 1. 76 MeV level w ere due to the 2. 73 MeV level of
27A1 and that (3.0 + 0. 5)% w ere due to the 2. 98 and 3. 00 MeV levels. The
2.73 MeV level has a decay branch  through the 1. 01 MeV level, giving a
2 91.72 MeV gamma ray which w ill contribute to the photopeak for the Al 
1.76 — 0. 00 transition . Knowing the branching ra tios , m ixing ra tio s  and 
spin fo r the 2. 73 MeV level (En67), it was deduced that this contribution 
varied  between about 0, 7% at 20° and 1.6% a t 90°. The appropria te  co rrec tion  
w as then made to the 1. 76 MeV photopeak counts, which w ere ex trac ted  manually 
from  the experim ental sp ec tra  at each angle.
The experim ental co rre la tion  for the 1.76 —> 0. 00 tran sitio n  
is shown in fig. 4 .11 . The co rre la tio n  is once again isotropic w ithin the 
experim ental e r ro rs  and is consistent with a ll spin assignm ents J  < 9 / 2  
for the 1.76 MeV level.
4 -3 .2 . 3 The 2. 23 MeV level
24 27The contam inant reaction  Mg ( ,  p) Al does not constitute
a problem  in the study of the 2.23 MeV level, o r  any of the higher levels
27investigated  in the p resen t work, because the Al levels above the 3. 00 MeV 
level a re  com paratively weakly populated, as can be seen from  fig. 4 .8 .
A gam m a-ray  coincidence spectrum , obtained using the proton window shown 
in fig. 4. 8, is  shown in fig. 4 .9 . The fits to the experim ental co rre la tio n  
fo r the various possible spins a re  shown in fig. 4 .12. The data are  
consistent with a spin J  = 3 /2 , 5 /2 o r  7/2 fo r the 2.23 MeV level.
4 -3 .2 . 4 The 2. 87 MeV level
A gam m a-ray  coincidence spectrum  for the 2. 87 MeV level, 
obtained using the proton window shown in fig. 4 .8 , is shown in fig. 4. 9.
Using the lineshape fitting p rogram  the angular co rre la tio n s  w ere ex tracted  
fo r the 2. 87 MeV gamma ray  and for the sum  of the 1.40 and 1 .48 MeV 
gam m a rays from  the decay branch through the 1. 40 MeV level. F rom
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fig. 4. 13 it can be seen that the co rre la tio n  fo r the 2. 87 —> 0. 00 transition  
is consisten t with both J  = 3 /2 and J  = 7 /2 . In view of the strong decay branch 
of the 2. 87 MeV level to the J  = 1/2 1. 40 MeV level, the J  = 7 /2  assignm ent 
can alm ost certa in ly  be ruled out. The angular co rre la tion  of the 1. 40 MeV 
gam m a-ray  must be isotropic if the 1. 40 MeV level has spin 1/2; since the 
1.47 and 1. 40 MeV gamma rays a re  in cascade, the angular co rre la tio n  of 
these two gamma rays together is
Wl+2(0) = 2 Ao + A2 Q2 P 2 (COS 6) + A4 Q4 P 4 (C0S 6) 
if the angu lar co rre la tio n  of the 1.47 MeV gam m a ray  is
W 1 (0) = A q + A 2 Q2 P 2 (cos 0) + A 4 Q4 P 4 (cos 0) .
The experim ental data fo r the co rre la tio n  a re  shown in fig. 4 .14, and a re  
consisten t only with J  = 3 /2 fo r the 2. 87 MeV level. As mentioned previously, 
the com puter p rogram  fo r calculating the theoretical co rre la tio n s  does not 
include the te rm  in P ß (cos 0 ), which is n ecessa ry  fo r a 7 /2  —> 1/2 
transition ; in o rd e r  to investigate the possib ility , allowed by the ground- 
state  co rre la tio n , that J  = 7 /2 , the theo re tica l co rre la tio n  for a pure octupole 
7/2 —> 1/2  transition  was calculated m anually. As can be seen from  fig. 4 .14, 
the data exclude th is possib ility . It is therefo re  concluded that fo r the 2. 87 MeV 
level J  = 3 /2 .
The strong anisotropy of the gam m a rays from  this level im plies 
that the branching ratio determ ination described  in section 4 -2 .2  may be 
considerably  in e r ro r ,  since the data w ere  taken a t 90°. T herefore it  is 
worthwhile evaluating the branching ra tio s  from  the angular co rre la tion  data.
The re su lt, obtained by evaluating the A^ coefficients for the two decay modes, 
is  that the 2. 87 MeV level decays (58 + 3)% to the ground state  and (42 + 3)% 
to the 1. 40 MeV level. This is  to be com pared with values of 67% and 33% 
obtained in the branching ra tio  study.
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4 -3 .2 . 5 The 3. 07 MeV level
A gam m a-ray  coincidence spectrum  for the 3. 07 MeV level,
obtained using the proton window shown in fig. 4. 8, is  shown in fig. 4 .15.
It is  noticeable that in this spectrum  the 2.23 MeV gamma ray  is considerably
stronger than in the spectrum  obtained for the 3.07 MeV level in the branching
ra tio  investigation. It is therefo re  probable that this gamma ray  a r is e s  from
28 31a contam inant, a possib ility  being the Si ( a , p) P reaction, which would
31place the proton group corresponding to the 4 .19  MeV level of P under the
29proton group corresponding to the 3. 07 MeV level of Al; the 4 .19  MeV 
31level of P is known (En67) to give r is e  to gamma rays of 1. 27, 2. 23, 1. 96 
and 2. 92 MeV.
Angular co rre la tions w ere ex tracted  fo r the 3.07 MeV ground
state  transition  and fo r both m em bers of the cascade through the 1.76 MeV
level. The e r ro r  b a rs  on the data points for the co rre la tio n s  (figs. 4 .16 and
4.17) allow for the possib le contam ination of the gam m a-ray  coincidence 
31spectrum  by P gamma ray s , a s  mentioned above, and by 1.28 MeV gam m a- 
19 22rays fo r  the F ( a , p) Ne reaction  and 1. 81 MeV gam m a rays from  the 
23 26Na ( a , p) Mg reaction. The p resence  of fluorine and sodium im purities 
in the ta rg e t was dem onstrated  by e lastic  scattering ; proton sp ec tra  from  
the corresponding ( a , p) reactions w ere investigated in o rd e r to verify that 
there  w ere proton groups a t the sam e position as the group corresponding to
O Q
the 3. 07 MeV level in the 2(^Mg ( a t p) Al reaction . The size  of the
contribution from  these two contam inants was obtained from  the observation
19 23of weak proton groups f rom the F ( cn , p) and Na ( a , p) reactions in the 
20spectrum  from  the Mg ta rget. In th is way it was concluded that if these 
contam inant 1. 27, 1. 28 and 1. 81 MeV gam m a rays have a maxim um  of a 
30% anisotropy, then the effect on the co rre la tio n s  for the 3. 07 —> 1.76 
and 1. 76 —^ 0  transitions could be allowed fo r by folding in a 2^% e r r o r  on 
each data point. The effect of these contam inants is  significant only fo r the 
3.07 and 3.19 MeV levels, since these a re  ra th e r  weakly populated in the
200
E .-3  07  MeV
E«-11*26 MeV
Ek- 319 MeV 
E.-Il 32 MeV 
9 - 6 0 *
3  100 i reii i-7®
E*-3 44  MeV 
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0 - 6 0 *
W W a -v -,
Ey (MeV)
Fig. 4,15 Typical gamma-ray coincidence spectra obtained 
in the angular correlation measurements on the 3.07, 
3.19 and 3.44 MeV levels of '*A1. For the 3.19 MeV 
level the inset shows the window which was set round 
the corresponding proton group.
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F i g .  4 .1 7  A n g u la r  c o r r e l a t i o n  r e s u l t s  f o r  t h e  gamma-ray
t r a n s i t i o n s  o f  th e  c a s c a d e  from  th e  3 .0 7  MeV l e v e l
th r o u g h  th e  1 .7 6  MeV l e v e l  t o  t h e  0 .0 0  MeV l e v e l  o f  
29A l .  The b e s t  f i t s  a r e  shown f o r  t h o s e  v a l u e s  o f  t h e  
s p i n s  o f  t h e  3 .0 7  and t h e  1 .7 6  MeV l e v e l s  w h ich  do n o t  
g i v e  a f i t  w i t h i n  th e  0.17. c o n f id e n c e  l i m i t .
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o  n.
Mg (o' , p) reaction; they also have decay gamma rays close in energy to
the 1. 27, 1. 28 and 1. 81 MeV gamma ray s  from  the contam inants.
F its  to the co rre la tio n  fo r the 3. 07 0. 00 tran sitio n  a re
2
shewn in fig. 4 .16 ; only a J  = 9/2 assignm ent is excluded by the X analysis.
Since the spin of the 1.76 MeV level has only been re s tr ic te d  to J  < 9/2,
little  fu rth e r re s tr ic tio n  on the spin of the 3. 07 MeV level is  im posed by the
co rre la tio n s  of the 1. 76 and 1.31 MeV gam m a ray s  a ris in g  from  the cascade
through the 1.76 MeV level. The b est fits to the data fo r  those spin com binations
(for the 3. 07 and 1.76 MeV levels) which do not give a fit w ithin the 0.1%
confidence lim it a re  shown in fig. 4 .17 . F or the sake of c larity , the fits  for
the many spin com binations which give a good fit a re  not shown. The
co rre la tio n  for the 1. 76 MeV gamma ray  is consisten t with all possib le  spin
2
com binations. The re su lts  of the sim ultaneous X analysis fo r the two m em bers 
of the cascade a re  shown in table 4. 3, and can be sum m arised  as follows. If 
J  (1.76) = 1/2, then J  (3. 07) = 3/2; if J (l .  76) = 3 /2 , J(3. 07) = 3 /2 , 5 /2 ; if 
J ( l .  76) = 5/2, J (3. 07) = 3 /2 , 5 /2 , 7 /2 ; if J (1 .76) = 7/2 , J(3. 07) = 3 /2 , 5/2,
7 /2 , 9 /2 . However this final possib ility  fo r the spin of the 3. 07 MeV level 
was excluded by the co rre la tio n  fo r the ground-sta te  transition .
4 -3 .2 . 6 The 3, 19 MeV level
A g am m a-ray  coincidence spectrum  for the 3.19 MeV level is 
shown in fig. 4. 15, along with the proton window spectrum . Angular c o r r e ­
lations w ere ex tracted  fo r the 2. 23, 0. 96 and (1.76 + 1. 79) MeV gam m a rays; 
the angular co rre la tio n  for the (1.40 + 1. 43) MeV transition  could not be 
ex tracted  from  the data due to the p resence  in the spectrum  of 1.28 and 
1.53 MeV gam m a rays. The 3 .19  MeV level was the m ost weakly populated 
of all the levels studied, being about half as  strong as the 3. 07 MeV level, and 
so the data for th is level a re  p a rticu la rly  sensitive to contributions from  
contam inants in the ta rg e t. The presence  of the 1. 53 MeV gam m a ray  in 
the data fo r the 3. 19 MeV level provides fu rth e r evidence that th is rad iation  
is not associated  with the 3.07 MeV level. Since the spin of the 2.23 Me V
Fig. 4.18 Angular correlation results for the gamma-ray
transitions of the cascade from the 3.19 MeV level
through the 2.23 MeV level to the 0.00 MeV level, of 
29A1, and for the 1.76 MeV transition of the cascade 
from the 3.19 MeV level through the 1.76 MeV level 
to the 0.00 MeV level. The best fits are shown for 
those values of the spins of the 3.19 and 2.23 MeV 
levels which do not give a fit within the 0.17o 
confidence limit. For the transition between the 
1.76 MeV level and the 0.00 MeV level the fits which 
are outside the 17. confidence limit are shown.
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level has only been re s tr ic te d  to 1/2 < J  < 9/2, little  re s tr ic tio n  on the spin
of the 3. 19 MeV level is imposed by the co rre la tio n s  of the 0. 96 MeV and
2.23 MeV gamma rays aris ing  from  the cascade through the 2. 23 MeV level.
The best fits to the data for those spin com binations (for the 3. 19 and 2. 23
MeV levels) which do not give a fit within the 0.1% confidence lim it a re  shown
2
in  fig. 4. 18. The re su lts  of the sim ultaneous X analysis fo r the two m em bers 
of the cascade a re  shown in table 4. 4, and can be sum m arised  as follows.
If J(2. 23) = 3 /2 , J(3. 19) = 3 /2 , 5 /2 ; if J( 2. 23) = 5/2 , J (3. 19) = 3/2, 5/2, 7/2; 
if J(2. 23) = 7 /2 , J ( 3 .19) = 5 /2 , 7 /2 , 9/2. These spin p o ssib ilities  a re  not 
re s tr ic te d  fu rther by the angular co rre la tion  of the (1.76 + 1.7 9) MeV radiation 
(see fig. 4.18) a ris in g  from  the decay of the 3.19 MeV level through the 1. 76 
and 1. 40 MeV levels (if in fact the la tte r  decay branch occurs). However, if the 
contribution of 1. 79 MeV radiation  can be neglected, then the spin combination 
J(3. 19) = 7 /2  and J(1 .76) = 7/2 is re jec ted  a t the 1% confidence lim it.
4 -3 .2 . 7 The 3.44 MeV level
A gam m a-ray  coincidence spectrum  for the 3.44 MeV level, 
obtained using the appropriate  window on the proton spectrum  shown in 
fig. 4 .8 , is shown in fig. 4 .15; a gamma ray  of about 1.78 MeV is  apparent 
in the spectrum , and is ascribed  to contam ination of the proton window by 
protons populating the 3. 58 MeV level, which has a predom inant decay 
branch through the 1. 76 MeV level (see fig. 4 .3 ). The angular co rre la tio n  
of the 2. 04 MeV gam m a ray  (fig. 4.19) a ris in g  from  the decay of the 3. 44 
MeV level to the 1.40 MeV level is  consisten t only with a spin of 1/2 o r 3/2 
for the 3 .44  MeV level. The 2.23 MeV gam m a ray, which follows the decay 
of the 3. 44 Me V level to the 2. 23 MeV level, is also isotropic within the 
experim ental e r ro r s  (see fig. 4. 20), which a re  com paratively la rg e , of 
the o rd e r of + 10%. This co rre la tio n  does not allow any fu rth e r lim itations 
on the spins of e ither the 3 .44 o r the 2. 23 MeV level (which has been assigned 
a spin of 3 /2 , 5/2 o r 7/2), since the spin com binations (3/2 —> 3 /2  —> 5/2),
(3/2 —> 5/2 —* 5/2) and (3/2 —» 7 /2  —* 5/2) can all produce iso trop ic
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Fig. 4.20 Angular correlation results for the 1.40 and 2.23
MeV gamma rays which occur as second members of the
cascades from the 3.44 MeV level through the 1.40 and
292.23 MeV levels of A1 respectively. Both correlations 
are isotropic within the experimental errors.
Table 4 .2 Angular co rre la tion  resu lts  for
Initial Final J  Assumed Spins and Mixing Ratios which give fits
State State for Final within the 0.1% Confidence Limit
(MeV) (MeV) State J
1.40 0.00 5/2 1/2
3/2 - .  03 < a < . 27 and 1.8 < 6 < 5. 7
5/2 .23 < ö < . 51
7/2 - .2 7  < a <-.10
1.76 0.00 5/2 1/2
3/2 - .  15 < a < . 21 and 2 .4  < a < 19. 0
5/2 .29 < a < .67
7/2 - .2 3  < a < . 03
2.23 0. 00 5/2 3/2 . 14 < a < . 53 and 1.15 < 6  < 2 .60
5/2 o . io  < a < .32
7/2 - .3 6  < a < .19
2. 87 0. 00 5/2 3/2 -6 .3  < a < -2 .  0 a n d -. 78 < ö < - . 4 0
7/2 .09 < ö < .21
2. 87 1.40 1/2 3/2 -. 09 < a < . 25 and 1. 03 < Ö < 2. 14
3. 07 0. 00 5/2 1/2
3/2 <5 < -4 .0  and a > -0. 53
5/2 a < -1 .9  and ö > .03
7/2 a < -14 and - .3 6  < a < . 10 and
a > 3 .3
3'. 44 1.40 1 /2 1 /2
3/2 - .3 2  < a < -. 17 and 2.7 < ö < 4.7
Table 4. 3 Minima in
2
X for the 3. 07
ö
1.76 0 correlations
J ( l .  76) J (3. 07)
2 .
X m m
2
<5 fo r  x < 0 .1% co nf id ence  l im i t
1 / 2 1 / 2 5. 1
3 / 2 1 . 2 - 0 . 2 4  < <5 < - 0 . 0 5
5 / 2 36. 8
3 / 2 3 / 2 1 . 1 0 . 2 9  < 6 < 0 .6 2 ,  3 . 4  < 0 < 2 0 . 0
5 / 2 0. 9 - 0 . 1 7  < a < 0 .0 1
7 / 2 32. 0
5 / 2 3 / 2 0. 9 a < - 2 8 . o ,  - 0 . 2 7  < a < 0 . 05 , a > 3 . 7
5 / 2 1 . 2 0 . 4 2  < a < 0 . 8 6
7 / 2 1 . 4 - 0 . 1 4  < a < 0 . 0 2
9 / 2 29. 8
7 / 2 3 / 2 0. 9 - 0 . 5 6  < a < - 0 . 17
5 / 2 0. 9 a - i 9 . 0 , - 0 . i s  < a < 0 .07
7 / 2 1. 9 0 . 5 3  < a < 0 . 9 6
9 / 2 0. 9 - 0 . 1 4  < a < 0 . 0 4
1 1 / 2 28. 0
T a b le  4 . 4  M in im a  in X
2 a
f o r  the  3.  19 ----->  2.  23 — >  0 c o r r e l a t i o n s
J(2.  23) J (3. 19) X 2 m in
2
a fo r  x < 0 .1% c o n f id en ce  l im i t
3 / 2 1 / 2 8 . 4
3 / 2 2. 0 0 . 3 5  < a < 0 . 4 8
5 / 2 1 . 1 - 0 . 1 6  < a < 0. 03
7 / 2 52. 5
5 / 2 3 / 2 1. 0 - 0 . 2 0  < a < 0 . 0 2
5 / 2 0 . 4 0 . 4 5  < a < 0 . 7 8
7 / 2 1 . 1 - o . o i  < a < 0 . 0 4
9 / 2 4 9 . 1
7/2 3 / 2 1 7 . 4
5 /2 1 . 0 - 0 . 0 2  < a < 0 . 0 4
7 / 2 0 . 6 0 . 55 < a < 0 . 9 3
9 / 2 1 . 0 - o . i i  < a < 0 . 0 0
1 1 /2 4 6 . 6
Table 4. 5 Legendre polynomial coefficients for 
29A1 transitions
T ransition Legendre polynomial coefficients
a2 a4
1.40 —> 0.00 0. 02 + 0. 03 0. 00 + 0.05
1.76 — > 0. 00 -0. 08 + 0. 04 0. 01 + 0. 07
2.23 — > 0. 00 0. 19 + 0. 03 0. 00 + 0. 05
CO 00 OO l o o o -0. 62 + 0. 03 0. 02 + 0. 04
2.88 — > 1.40 -0. 55 + 0.06 -0. 04 + 0. 08
ooo✓t'C"o00 -0 .12  + 0. 12 0. 06 + 0. 15
3.07 ----> 1.76 -0. 23 + 0. 05 0. 01 + 0. 08
3.07 — > 1.76 ----» 0 -0. 07 + 0. 05 0. 16 + 0. 08
3.19 -— > 2.23 -0 .18  + 0. 03 -0. 09 + 0. 03
3.19 ----> 2. 23 — > 0 0. 12 + 0. 04 0. 03 + 0. 06
3.19 ----^ 1.76 ----^ 0 0. 14 + 0. 07 -0. 13 + 0. 09
3.43 ----> 1.40 -0. 04 + 0. 03 -0. 05 + 0. 05
3.43 ----> 1.40 — > 0 -0. 02 + 0. 03 -0. 01 + 0. 04
3.43 ----> 2. 23 — > 0 -0 .01  + 0.10 0. 11 + 0. 17
a) C o rrec ted  fo r finite solid angle effects : see  footnote to table 3 .2 .
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co rre la tio n s  fo r the second transition . The angular co rre la tio n  fo r the 1. 40 
MeV gam m a ray is  iso tropic within the experim ental e r ro r s  (see fig. 4. 20) 
and is consisten t with J  = 1/2 for the 1.40 MeV level.
4 -3 .3  Summary of angular co rre la tion  re su lts
The angular co rre la tion  m easurem ents have given disappointingly
29little  inform ation regarding the spins of the low-lying levels of Al, the only 
level fo r  which the spin has been definitely determ ined being the 2. 87 MeV 
level, which is assigned J  = 3 /2 . The re s tr ic tio n s  which have been placed 
on the spins of the other levels a re  as  follows. F or the 1.76 MeV level,
J  = 1 /2 , 3 /2 , 5/2 o r 7 /2; for the 2. 23 MeV level J  = 3 /2 , 5/2 o r 7/2; for 
the 3. 07 MeV level J  = 3 /2 , 5/2 o r  7 /2; fo r the 3. 19 MeV level J  = 3 /2 , 5/2, 
7/2 o r 9/2; for the 3.44 MeV level J  = 1/2 o r 3/2. F or these various possib le 
spin assignm ents the multipole mixing ra tio s  have been determ ined.
4-4  CONCLUSION 
4 -4 .1  Spin assignm ents
The branching ratio  re su lts  (see fig. 4. 7) can be used to elim inate 
with a reasonable degree of confidence some of the spin assignm ents allowed 
by the angular co rre la tio n  m easurem ents.
The 1. 76 MeV level
F or the 1.76 MeV level spin assignm ents of 1/2 and, to a le s s e r  
extent, 3 /2  a re  unlikely in view of the fact that
(a) the 3.44 MeV level, with J  = 1/2 o r  3 /2 , decays to the J  = 5/2 ground 
s ta te , the J  = 1/2 f ir s t  excited state  and the J  = 3 /2 , 5/2 o r 7 /2  th ird  
excited s ta te  (J = 7/2 being unlikely, as shown below), but not to the 
1. 76 Me V second excited state.
(b) while two levels decay through the J  = 1/2 1.40 MeV state  and three 
decay through the 1. 76 MeV sta te , th e re  is no level from  which tra n s i­
tions have been definitely detected to both the 1.40 and 1.76 MeV levels.
(c) the 3. 58 MeV level has a very  strik ing  decay schem e, with a 79% decay 
b ranch  to the 1. 76 MeV level, a 21% branch to the J  = 5 /2  ground state ,
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and no other detectable decay branch. The great selectivity of this 
decay scheme suggests that the 1.76 MeV level has a higher spin 
than the other low-lying states.
The 2. 23 MeV level
If J = 1/2 for the 3.44 MeV level, then a J = 7/2 spin for the 2. 23 
MeV level would require that a 1.21 MeV octupole transition to the 2.23 MeV 
level compete with the 3.44 MeV quadrupole transition to the ground state, so 
that J = 7/2 is unlikely. If J = 3/2 for the 3.44 MeV level and J = 7/2 for the
2.23 MeV level, then a 1.21 MeV quadrupole transition to the 2.23 MeV level 
must compete with a 3. 44 MeV ground state transition which may proceed by 
dipole radiation. Therefore J = 7/2 must be considered unlikely for the
2.23 MeV level.
If J = 1/2 for the 3.44 MeV level, then a J = 5/2 assignment for 
the 2. 23 MeV level would imply that the 1. 21 MeV quadrupole transition from 
the 3.44 MeV level to the 2.23 MeV level is of similar intensity to the 3. 44 
MeV quadrupole transition to the ground state. Therefore if J(3. 44) = 1/2, 
it is unlikely that the 2. 23 MeV level has spin 5/2.
The 3. 07 MeV level
The 3. 07 MeV level decays to the J = 5/2 ground state and to the 
1.76 MeV level, which it has been concluded probably has spin J > 3/2, but 
there is no detectable transition to the 1.40 MeV J = 1/2 level. Therefore a 
spin of 3/2 for the 3. 07 MeV level is rather unlikely.
The 3,19 MeV level
The same argument can be used to show that a J = 3/2 assignment 
for the 3.19 MeV level is rather unlikely, although the data do not definitely 
rule out a transition to the 1. 40 MeV level in this case. Since J = 7/2 has 
been fairly firmly rejected for the 2.23 MeV level, a J = 9/2 assignment 
to the 3.19 MeV level would require that this level have a 52% decay branch 
to the 2. 23 MeV level via a quadrupole transition of 0. 96 MeV, compared 
to a 15% branch to the ground state via a quadrupole transition of 3.19 MeV.
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A stro n g e r argum ent against a spin of 9/2 for the 3.19 MeV level can be 
found in the fact that the angular co rre la tio n  re su lts  (table 4 .4 ) only allow 
th is spin possib ility  if the 2.23 MeV level has spin 7 /2 , which has been 
fa irly  firm ly  re jected  e a r lie r . It w as also shown e a r lie r  that if the 3. 44 
MeV level has spin 1/2, then a spin of 5/2 fo r the 2. 23 MeV level is  unlikely; 
from  table 4 .4  it then follows that the 3 .19  MeV level has spin 3 /2 o r  5/2,
7/2 being excluded. It was also pointed out in section 4-3. 2 .6  that if 
the 1. 76 Me V level has spin 7 /2 , 7 /2 is  re jec ted  fo r the 3 .19 MeV level 
a t the 1% confidence lim it by the angular co rre la tio n  m easurem ents.
It is  to be em phasised that the argum ents p resen ted  above on the 
b asis  of the gam m a-ray  decay schem es a re  certa in ly  not conclusive; some 
of them re ly  to some extent on the assum ption that the levels involved have 
positive parity , which may not be tru e  in every  case.
Thus the spin assignm ents can now be sum m arised  as follows, 
the unlikely possib ilities  being in serted  in b rackets . For the 1.76 MeV 
level, J  = (1/2), (3/2), 5/2 or 7/2; for the 2.23 MeV level J  = 3 /2 , 5/2 o r 
(7/2) and if J(3. 44) = 1/2, then J(2. 23) = 3 /2 , (5/2), o r (7/2); fo r the 2. 87 
MeV level J  = 3/2; fo r the 3. 07 MeV level J  = (3/2), 5/2 o r  7/2; fo r the 
3 .19  MeV level J  = (3/2), 5 /2 , 7 /2  o r  (9/2) and if J(3. 44) = 1/2, then 
J ( 3 .19) = (3/2), 5 /2 , (7/2) or (9/2). For the 3.44 MeV level J  = 1 /2 o r 3/2.
4 -4 .2  Com parison with model p red ic tions
29It is c le a r  that at p re sen t a detailed com parison of the A1 level 
schem e with the p red ictions of nuclear m odels is not possible; much m ore 
experim ental inform ation is needed. However some conclusions can be 
drawn from  the p re sen t data.
As m entioned in section 4 .1 , the in term ediate  coupling
calculations of Bouten et al (Bo67) p red ic t that the f ir s t  th ree  excited 
29
sta tes  of A l have J  = 1/2, 3/2 and 5 /2  respectively , w hereas the 
branching ra tio  data do not favour J  = 3 /2  fo r the second excited s ta te  a t 
1.76 MeV, although th is spin is allowed by the angular co rre la tio n  m easu re -
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m ents. An assignm ent of J  = 5/2 fo r  the th ird  excited sta te  at 2. 23 MeV is 
allowed by the experim ental data, but a spin of 3/2 is m ore likely if the 3. 44 
MeV level has J  = 1 /2. It may be that in the experim ental level scheme 
the positions of the second and th ird  excited s ta tes  a re  interchanged com pared 
to the predictions of Bouten e t al, and that J(l .  76) = 5/2 and J(2. 23) = 3/2; 
however it should be pointed out that such a re v e rsa l of level ordering  cannot be 
achieved by variation of the degree of in term ediate  coupling, as can be seen 
from  fig. 10 of Bouten et al. If the 1. 76 MeV level has spin 7 /2 , then a serious 
d isagreem ent a r is e s  with the pred ictions of the in term ediate  coupling calculations.
As in the case of o ther odd-A nuclei which have N o r Z = 13, such as
25 27 29Mg and Al, a N ilsson model in te rp re ta tion  of Al req u ire s  the existence
of low-lying K = 5/2  and K = 1/2 bands. The decay schem e of the 3. 58 MeV
level leads one to speculate that this level may be the J  = 9 /2 m em ber of a
K = 5/2 ro tational band based on the ground s ta te  and with the 1. 76 MeV level as
the J  = 7 /2  m em ber. A J  = 7 /2  assignm ent fo r the 1. 76 MeV level would be
com patible with the decay schem es of the levels investigated in the p re sen t
work, as well as with the angular co rre la tio n  re su lts . If one does in te rp re t
the 1.76 MeV level as the J  = 7 /2 m em ber of a ground-sta te  rotational band,
then using the usual J(J  + 1) dependence fo r the energy spectrum  an energy of
about 4 MeV is obtained fo r the J  = 9/2 m em ber, so that at le a s t the position
of the 3. 58 MeV level is  consistent with th is  ro tational model in terpreta tion .
However if one then sea rch es  for the m em bers of a K = 1/2 band, it is
noticeable that the 2. 23 MeV level is unlikely to be the J  = 3/2  m em ber of
such a band based on the 1.40 MeV level, since there  is at m ost a 2% decay
branch from  this level to the 1.40 MeV level. On the o ther hand the 2. 87 MeV
level does have a definite J  = 3/2 assignm ent and has a quite strong decay branch
to the 1. 40 MeV level. However if th is level is the J  = 3/2 m em ber of a
K = 1/2 band, dipole radiation for the strong decay branch to the K = 5/2
ground s ta te  would be forbidden by the K -  selection  ru le  (see section 1-1. 3),
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If the sm a lle r of the two mixing ra tio s  allowed by the angular co rre la tio n  re su lts  
for the 2. 87 0. 00 tran sitio n  (see table 4. 2) is  c o rre c t, then there  is in fact
a la rge  dipole component in th is  transition . If the la rg e r  of the two mixing 
ra tio  possib ilities  is co rre c t, then a predom inantly quadrupole interband 
transition  com petes with the in tra-band  tran sitio n  to the 1.40 MeV level.
This also is inconsistent with a sim ple ro tational model in terpreta tion .
Thus it  seem s unlikely, even at th is early  stage of investigation,
2 9
that the A1 level schem e can be described  by the Nilsson model. C om parison 
of the level schem e with the in term ediate-coupling calculations req u ire s  a 
firm  spin assignm ent to the second excited sta te  at 1. 76 MeV; however if the 
in ferences drawn from  the branching ratio  data a re  accepted, then th e re  is a 
d isagreem ent between the experim ental re su lts  and the p redictions of the 
in term ediate-coupling calculations.
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CHAPTER 5
CONCLUSION
The chief purpose of th is  b rie f  final chap ter is  to sum m arise  
the m ore interesting and significant re su lts  of the experim ents which have 
been described  in th is thesis , and to suggest some future w ork which would 
be useful for a be tte r understanding of the nuclei which have been investigated.
It would be of in te re s t to obtain m ore inform ation regard ing  the 
23 23higher levels in Na and Mg (for example gam m a-ray  decay schem es), so 
that corresponding levels can be m ore definitely identified; it would then be 
possib le to come to f irm e r  conclusions regard ing  the parity  dependence of th e ir 
re la tive  energ ies. The identification of m ore m ir ro r  levels in o ther nuclei in 
the shell would help to determ ine the range of applicability  of the ru les  which 
have been tentatively form ulated by B ark er (Ba68) regarding the d irection  of 
energy shift of corresponding levels in 4n + 1 and 4n + 3 nuclei. It may then 
becom e possible to use these ru le s  to assign  p a ritie s  to m ir ro r  levels, as has 
been done, again tentatively, in the p re sen t work. A new method of determ ining 
p a ritie s  of nuclear levels would be ex trem ely  valuable, since the m ost widely 
applicable method available at p resen t, involving the determ ination of the 
orb ital angular momentum tra n s fe r  in d irec t reactions, can obviously be applied
only to levels which can be populated by a d irec t reaction  m echanism .
27The investigation of the 3. 00 MeV level of A1 has shown that 
it  has spin 9/2, and not 7 /2 as previously  reported . The gam m a decay 
p ro p e rtie s  of the level a re  in d isag reem ent with the in te rp re ta tion  of this 
level as the J  = 9/2 m em ber of a K = 5 /2  ro tational band based on the ground 
sta te . The lack of another J  = 9/2 s ta te  among the higher levels investigated 
provides evidence against the a lte rnative  ro tational in te rp re ta tion  of Ropke and 
Lam (Ro68), in which the 3 .00 MeV level is  regarded  as the f ir s t  m em ber of a 
K = 9/2 band and the J  = 9/2 m em ber of the K = 5/2 ground state  band lie s  at
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h igher excitation. Although som e of the d iscrepanc ies regard ing  the K = 5/2
band may be rem oved as a re su lt of the above re -in te rp re ta tio n , it could be
argued that the evidence already available regard ing  the supposed K = 1/2
band based  on the 0. 84 MeV level is  in itse lf sufficient to show that the
27N ilsson model does not provide a good descrip tion  of the A1 nucleus.
However it is  w orthwhile continuing to higher excitation the sea rch  for
high spin s ta te s , the locations of which a re  of in te re s t even outside a
rotational model context. The sea rc h  for these s ta te s  might be done using 
12 16 27the C ( O, p) A1 reaction, which would tend to populate them p referen tia lly  
(see, fo r exam ple, ref. Vo64)„
The assignm ent of J  = 9 /2 ra th e r  than J  = 7 /2 fo r the 3. 00 MeV
level is  consisten t with the in term ediate  coupling calculations of Wildenthal
and Newman (Wi68) and Bouten et al (Bo67). So fa r  as level energ ies a re
concerned, the in term ediate  coupling shell model gives the best descrip tion
27of the low -lying levels  of Al. A calculation of gam m a-ray  transition  ra te s , 
using th is m odel, would be of trem endous value, especially  if, as is alm ost 
certa in ly  n ecessa ry , at least som e I d ^  configurations could be included.
It is  c le a r  that fu rth e r investigation of the p ro p ertie s  of the
29 29low-lying levels of Al is required . A m ajo r difficulty in the study of Al
is  that if triton-induced reactions a re  excluded, the only convenient way of
26looking a t th is  nucleus is  via the Mg (ca , p) reaction , which has such a low
26c ro ss -se c tio n  com pared to the Mg ( o , n) reaction  that gam m a rays from  the
(o' , p) reaction  a re  not readily  descern ib le  in the gam m a-ray  singles spectrum .
Thus the gam m a-gam m a angular co rre la tion  method known as Litherland and
Ferguson Method I (Li58), which is generally  m ore effective than Method II
in determ ining spins, is  not easily  applied. T herefore  fu rth e r inform ation on 
29
the Al level schem e w ill probably have to be obtained by the application of 
Method II to the cascade radiation from  higher levels. The la rge  num ber of 
spin am biguities which have resu lted  from  the p re sen t angular co rre la tion  
investigation is due to two fac to rs; many of the levels decay predom inantly
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to the J  = 5/2 ground state  and, as w as pointed out in section 3-3. 1, a high
final sta te  spin is generally  not conducive to the unambiguous determ ination
of spins by gam m a-ray  angular co rre la tio n  m ethods; in addition the multipole
29mixing ra tio s  ö for the gam m a-ray  tran s itio n s  in A1 seem  to be generally
sm all, so that those spin-dependent coefficients which a re  m ultiplied by a 
2
fac to r ö o r  ö in the angular co rre la tio n  form ulae of section 3 -3 .4
have little  effect on the shape of the co rre la tio n s . Since the p re sen t re su lts
allow only ce rta in  values of the m ultipole mixing ra tio s  for each spin possib ility ,
it  may be that future gam m a-ray  studies w ill be able to re jec t some of these
possib le  spins on the grounds that the m ultipole mixing ra tio s  requ ired  a re
not consisten t with those of the p resen t work; however frequently the sam e
am biguities a rise  in d ifferent types of angular co rre la tio n  m easurem ents
(see, fo r exam ple, re f. So68). The m easurem ent of the lifetim es of the 
29low -lying A1 levels, taken in conjunction with the branching ra tio  m easu re ­
m ents, would probably allow the elim ination of som e of the possible spin 
assignm ents on the grounds of excessive enhancem ent of transition  ra te s  over 
the s in g le -p artic le  values.
Although m ore experim ental inform ation is  requ ired  before any
definite conclusions can be reached, a t p re sen t it seem s unlikely that the 
29A1 level schem e is in agreem ent with a N ilsson model in terp re ta tion . In
27view of the poor ag reem en t which has been observed between the A1 level
schem e and the Nilsson model, it appears that th is model does not provide a
good descrip tion  fo r nuclei in this region of the 2 s - ld  shell. However it is
29
hoped to search  fo r possib le higher m em bers of rotational bands in AI 
12 18 29using the C ( O, p) A1 reaction to p refe ren tia lly  populate high-spin s ta tes .
The p re sen t experim ental data do not favour the spin assignm ents
29which a re  p red ic ted  for the f ir s t  th ree excited s ta tes  of A1 by the sem i- 
quantitative in term ediate-coupling calcu lations of Bouten et al. This is  perhaps 
not su rp ris in g  in view of the fact that the sam e calculations do not give good 
agreem ent fo r the neighbouring T = 3/2 nuclei Mg and ' Si, in con trast to
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the very good agreement which is obtained for T = 1/2 nuclei such as Al.
A precise intermediate coupling calculation including all 1 d^  . 2s., and5/2 1/2
Id3/2  configurations is not at present practicable, due to the very large number 
of such configurations; it would be worthwhile, as has been suggested by Barker 
(Ba68), to perform an intermediate coupling calculation for nuclei in the region 
of A = 27 to 31, say, including only a discreetly chosen set of configurations in 
order to reduce the size of the calculation.
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APPENDIX
ANALYSIS OF GAMMA-RAY SPECTRA FROM Nal(Tl) 
DETECTORS
In th is appendix an account is  given of the method used in the 
p resen t work to ex tract gam m a-ray  in tensities  from  experim ental sp ec tra  
obtained with Nal(Tl) de tec to rs, A full descrip tion  has been given previously  
by E lliott (E168a).
A - l  L inear le a s t squares fitting p rocedure
The basic  problem  is  to determ ine the fac to rs  by which the 
response  functions of a Nal(Tl) de tec to r system  for each gam m a-ray  p resen t 
in a spectrum  m ust be m ultiplied in o rd er that they sum to reproduce  the 
spectrum . In the p resen t case, the response  functions take the form  of experi­
m entally  determ ined lineshapes ra th e r than analytic functions.
If th e re  a re  L counts in channel i of the lineshape fo r a 
gamma ray  of energy E^ , then the num ber of counts in channel i of a spec­
tru m  constructed from  p such lineshapes is
F,
l ( 1 )
w here the a^ a re  the fac to rs  to be determ ined. If the experim ental spectrum  
has X„ counts in channel i a c rite rio n  for a good fit is  that the a  ^ be such 
that the weighted sum of the squares of the res id u a ls
Ri F i '  Xi <2>
be a minimum. I t was considered that attaching s ta tistica l w eights to the 
data points would give undue em phasis to the fit in the region of the spectrum  
with a sm all num ber of counts; it is  the low energy ta ils  of th e  lineshapes 
which determ ine the fit in these regions, and the ta ils  a re  le s s  accura te ly  
known than the r e s t  of the lineshape (see section 2). T herefo re  equal unit
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weights were attached, to each data point, so that the normal equations are
3
3
2
1
N
2
€ ” 1
ae
2
= 0 (3)
These are solved by a matrix inversion procedure to obtain the value of the
a 0 The standard deviations of the a are obtained using (Fe65) 
e e
2cr
e e e (4)
where N . = 2  L , w. L, is the normal matrix and w is thee e ? 4 le l ic
weight matrix. As mentioned above, true weights were not used in the present 
work, each data point being given unit weight. These equal weights can be 
normalised by a factor
n - m
2
i
so that the weighted sum of squares of residuals (commonly denoted by X ) 
have its expectation value n - m, where n is the number of channels being 
fitted and m is the number of free parameters, in this case the number of 
lineshapes being fitted. Eq, (4) then becomes
(  T) N ) e e
-1
where Ne e is the normal matrix for unit weights,
A - 2 The lineshapes
The lineshape of a Nal(Tl) detector depends on its position
and orientation with respect to the source of radiation, the energy of the
radiation, and the presence of absorbing and scattering material in the
vicinity. For the detector used in almost all of the present work, lineshapes
137were measured for gamma-ray energies of 6 61 keV using a Cs source,
601.17 MeV by a gamma-gamma coincidence measurement with a Co source
12 132.36 MeV from the 460 keV resonance in the ~C(p, y ) " N reaction, and
12Io
11 12
4,43  MeV from  the 600 keV reso n an ce  in the B(p, y  ) C reaction. Spectra
w ere obtained at about 4 cm fiom  the source  of rad iation  (as in the branching
ra tio  m easurem ents of chapter 4) and at 10 or 20 cm (the angular corre la tion
m easurem ents w ere done at 20 cm). When the lineshape spectra  w ere being
obtained, the norm al experim ental conditions, e. g. the amount of absorbing
and sca tte ring  m ateria l in the vicinity, w ere duplicated as fa r as possible.
Due to the low coincidence ra te , a 1.17 MeV lineshape was obtained at 4 cm
only. The experim ental lineshapes w ere co rrec ted  for background or random s,
as appropria te  and then the low energy ta il of the lineshape was constructed
by horizontal extrapolation to zero  energy. It was found that the variation
with energy of the peak-to -to ta l ra tio s  for the re su ltan t lineshapes was not
in sa tisfac to ry  agreem ent with previous data (Yo66, E168a). After some
experim ental investigation it was concluded that th is  was due to the use of 
137 60Cs and Co sources surrounded by an appreciable amount of sca ttering
m ate ria l, which had the effect of reducing the peak-to -to ta l ra tio . T herefore
the levels of the low -energy ta ils  of the 0. 661 and 1.17 MeV lineshapes w ere
low ered until a satisfac to ry  variation of peak -to -to ta l ra tio  with energy was
obtained. The 1.17 MeV lineshape was tested  on a spectrum  taken at 20 cm
29by fitting the 1. 40 MeV gamma ray  from  the f irs t excited s ta te  of Al; as 
can be seen from  fig. 4. 3, a sa tisfac to ry  fit is  obtained. In re tro sp ec t, it 
would probably have been better to m easu re  the lineshapes in situ  using the 
tandem , so that the lineshapes would have been obtained in conditions identical 
to those in which the experim ental sp ec tra  a re  obtained. A definite conclusion 
is  that the use of rad io -ac tive  sources does not yield the m ost satisfac to ry  
re su lts .
Lineshapes of the energy requ ired  in an experim ental spectrum  
w ere generated in a p re lim in ary  section of the lineshape fitting program  as 
follows. The 0. 661, 1.17 and 2. 36 MeV lineshapes w ere tran sla ted  so that 
th e ir photopeaks w ere aligned with that of the 4. 43 MeV lineshape, and heights 
of the lineshapes norm alised  to have the sam e photopeak height as the 4. 43 MeV
(Simm Advdiiadv) siNfioo
Fig0 A.1 The standard line shapes with the photo-peaks aligned 
and normalised in height in preparation for linear 
interpolation to generate intermediate energy lineshapes.
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lineshape (see fig. A. 1). The low energy tails were extrapolated to zero. Any 
required lineshape was then generated by linear interpolation between the two 
adjacent experimental lineshapes, then translated back to its correct position.
A-3 Extraction of intensities from the experimental spectra
In order to obtain the intensity of each gamma, ray present in an 
experimental spectrum, it is necessary to correct the quantities
A = a 2  L . (7)e e . e i
for the efficiency of the detector for radiation with energy and also to 
correct for the attenuation of radiation with energy E^  by the material between 
the source and the detector. The correction factor is (Ro53)
C = 0 . 5 , )  1 - exp ( - T x (0) ) exp ( -  T x (0) 1 sin 0 d 0e ' L c c  a a J
where 0 to 0 is the angular range subtended by the crystal, 
X z
t is the attenuation coefficient for Nal , c
x. (0) is the thickness of the crystal at angle 0 ,
t is the attenuation coefficient of the material between source and a
detector, and
x^(0) is the thickness of the material between source and detector 
at angle 0.
A-4 Summing correction
When the Nal(Tl) crystal is close to the target, as in the work 
described in section 4-2, a correction must be made for the summing effect 
occurring when both gamma rays of a cascade are detected simultaneously.
In the present work, an initial fit was obtained to the experi­
mental spectrum, without any allowance for summing. The fitted lineshapes 
for the cascade gamma rays were used to obtain the resultant sum spectrum.
123 .
If the fitted lineshapes a re
G . = a L .e l e e l and e fi 3- L .€  ’ € ’l
then the shape of the sum spectrum  is given by
Sk
( 10 )
i+j=k
w here the su b scrip ts  re fe r  to channel num bers. This sum spectrum  is  n o r­
m alised to the c o rre c t intensity by requ iring  that
2  S, = N C , = N C (11). k € e 1 e 1 €k
w here is  the num ber of counts in fitted lineshape and is  given by 
eq. 8.
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